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(Principal, College of Engineering, Trivandrum) 
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THE present investigation was planned with a view of determining, if possible, 
at what point in the cross-section of a parallel tube through which water 
flows with stream-line motion, this motion first breaks down and becomes 
turbulent as the velocity is increased. 


It was thought that this information might be of value as possibly 
affording some indication of the reason for the change from stream-line to 
turbulent motion at the critical velocity. 


THE APPARATUS 


The apparatus used in the tests was a modification of that on which 
Osborne Reynolds carried out his classical experiments on critical velocities. 
It consists of a large glass-sided tank 5-104” long by 18” wide, fitted with 
baffles for steadying the flow from the inlet pipe, from which water was 
allowed to flow through a glass tube. The rate of flow was regulated by a 
valve at the outlet from the tube. The inlet end of the tube was fitted with 
a carefully finished bell mouthpiece. 


The motion in the tube was made visible by a colour band of aniline dye, 
supplied from a tank and discharged through a fine capillary tube at the 
entrance to the bell mouthpiece. The position of this capillary tube could 
be regulated with precision both in a horizontal and a vertical direction by 
means of adjusting screens on its carrier. 


At the point of observation of the coloured filament, the tube was 
enclosed in a glass-sided box, having vertical sides of parallel plate glass. 
The box had an open top and was filled with water. 


In order to obtain the distance of the filament from the centre of the 
tube, a graduated scale was mounted on the vertical glass front of the box 


surrounding the tube, and a similar scale in the same plane across the open 
top of the box. 
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Above the box a plane mirror was mounted at 45° to the horizontal. 


For observing the filament, two telescopes were mounted horizontally, 
one above the other, in the same vertical plane, i.e., the plane containing the 
graduated scales. The upper one was focussed on the scale and on the fila- 
ment, which was observed from above through the mirror, while the lower 
one was focussed on the filament as seen through the side of the box. 


In this way the position of the filament at the section in question, with 
reference to each of the scales, and therefore with reference to the axis of 
the tube was obtained. 


In order to correct for refraction, a thin graduated scale was made to 
fit the internal diameter of the tube. This was inserted into the tube, which 
was filled with water as when carrying out an experiment, and the readings 
of the internal and externa! scales were compared over the whole radius. 
The experiments were carried out on tubes of four diameters, viz., 0°5”; 
1-0’; 1°25"; and 1-5”. 


METHOD OF CARRYING OUT EXPERIMENTS 


In carrying out an experiment the supply tank was filled and allowed to 
stand for some time in order to allow any initial disturbance of the water 
to die out. Some definite cross-section of the tube, at which to take observa- 
tions, was then selected and the telescopes and gauges were brought. into 
this plane. The outlet valve was then slightly opened and the raie of flow 
of the dye was regulated so as to give a fine colour band. 


The opening of the outlet valve was then gradually increased until a slight 
flicker of the colour band was noticed near the outlet end of the tube. This 
indicates that the velocity was approaching the critical value. 


A very slight increase in the velocity caused definite but intermittent 
breakdown into eddy formation at the end of the tube. A further slight 
increase in the velocity caused the eddies to become permanent and brought 
the point of breakdown nearer to the tube entrance. In this way by 
adjusting the velocity the point of breakdown with the filament at any 
required radius, could be brought into the plane of observation. 


The exact radial position of the filament at this section was then observed 
and recoraed, after which the mean velocity in the tube was determined by 
observing the time for the level in the supply tank to fall through a given 
distance when discharging under the same head witb the inlet valve closed. 
The inverse of this time was proportional to the mean velocity of low. With 
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each tube the experiments were carried out for a series of radial positions of 
the filament, extending from the centre to a point near the walls. 


EXPERIMENTAL DATA 


(1) Experiments on tube 1-5” diameter.—This tube was 5-0’ long and 
the observations were made at a point distant 2-0 ft. from the inlet end. 


The co-ordinates of the centre of the tube on the horizontal and vertical 
scale were: 


Horizontal scale om Re .. 4°38” 
Vertical a i a ~» ae 


The following table, which represents a typical set of observations, shows 
the horizontal and vertical co-ordinates of the filament at the instant of break- 
down; its radial distance from the centre of the tube; and the corresponding 
time for the level in the supply tank to fall througn a distance of 1 inch. 

















Position of Colour Band | Time (Secs.) 
| Distance for Level in 
| from Centre Tank to fall 

Horizontal | Vertical 1-0” 
| 

4°38 1-33 01 42-5 
4-30 1-38 ‘1 44-0 
4+25 1-32 +230 48-2 
4°15 1+49 +285 51-2 
4-24 1-06 +295 52-2 
4-63 1-04 +38 58-5 
3-00 1-34 +38 58-0 
4-00 1-35 89 59-1 
4-11 1-65 +427 62-2 
4-50 0-90 +438 63-0 
4-51 0-90 “44 63-2 
4-00 1-10 “44 63-2 
3-96 1-16 +45 64-0 
4-81 1-40 -50 66-0 
4-02 1-70 53 62°8 
3-88 1-52 +538 62-5 
4°45 1-84 +556 59-8 
4-07 1-73 +515 66-0 
3-80 1-32 | 58 55+5 
3°90 1-00 +583 55-0 
4-05 1-82 | 60 49-9 
4-85 0-95 632 45-0 
4-01 1-83 632 45-0 











These times are plotted on a base showing the distance from the centre of 
the tube of the corresponding filament. From this it will be seen that as 
the distance of the filament from the centre of the tube increases, the 
velocity of flow necessary to produce break-down into turbulent motion 
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diminishes and attains a minimum value at a radius of approximately 0-5’ 
after which it increases with a further increase in radius. 


This indicates that when, owing to increasing the velocity motion is 
made to break down at this section, the breakdown first cccurs at a radius 
of approximately 0-475, or at a distance from the centre equal to 0-63 of 
the radius of the tube. 


(2) Experiments on tube 1-25” diameter.—This tube was 4-33’ long 
and the observations were made at a point distant 2:5’ from the inlet end. 


The co-ordinates of the centre of the tube were: 
Horizontal scale jes ng .. 2°48” 
Vertical ni ad a -«. RF? 


The following table shows a set of experimental observations on the 
tube. 





Position of Colour Band | 














| Distance Time from 
mene from Centre 12” to 11” 
Rik’ til Yate | (Gece. 
2-49 4-01 | -04 62-8 
2-47 4-80 -07 64-2 
2-50 4:78 -092 55-6 
2-60 4-71 -20 57-0 
2-50- 4-62 +25 61-2 
2-48 4-62 | 25 60-2 
2-49 4-56 | 31 75-0 
2-49 | oa” | -36 87+2 
2-47 4-48 | 39 | 86-2 
2-49 | 4-44 | -43 79-0 
2-49 4-42 | +45 72+5 
2-50 | 4-40 | +47 | 62-6 
248 | 430 | 57 | 75+0 
| 


| 








As in the tests on the 1-5” tube, the velocity necessary to cause break- 
down at this section diminishes with the distance of the filament from the 
centre of the tube- and attains a minimum at a radius of 0°37” or 0-595 
of the radius of the tube; afterwards increasing as the radius of the filament 
is increased. 


(3) Experiments on tube 1-0" ciameter.—\n order, if possible, to ensure 
that the position of the radius at which breakdown first occurs should not 
be affected by the stabilising effzct of the be!l-mouthed entrance to the tube, 
a larger tube—10’ in length—was obtained for the second series of experi- 
ments. This tube was 1-0” in diameter, and the observations were made 
at a section distant 5-0’ or sixty pipe diameters from the inlet. 
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The co-ordinates of the centre of this tube were: 
Horizontal scale she Ae -. 4°08” 
Vertical * a a .. 1:66’ 
The following table shows a typical set of experimental observations 


on this tube. 
Experiments on 1" tube, Length 10’ 


Co-ordinates of Centre (1.66 : 4.08) 














Position of Colour Band Time (Secs.) 

Distance for Level in 

] from Centre Tank to fall 
Vertical Horizontal 1-0” 
1-66 4-08 “0 75-6 
1-73 4-10 -071 79-0 
1-56 4-08 “10 80-1 
1-59 4-00 +106 82-3 
1-70 3°94 +446 86-1 
1-60 3°89 +199 90-3 
1-73 3-88 212 100-8 
1-70 3-80 282 108-1 
1-70 3°75 331 112-7 
1-90 3°77 388 108-0 
1-68 3-69 395 90+7 
1-63 3-68 -410 $1-+5 











It will be seen that, as in the tests on the 1-5” tube, .the velocity necessaiy 
to cause breakdown at this section diminishes with the distance of the fila- 
ment from the centre of the tube, and attains a minimum at a point whose 
radius (0-33”) is 0:66 of the radius of the tube, afterwards increasing 
with an increase in the radius. 


(4) Experiments on tube 0:5" diameter.—Thbis tube was 7-0’ long, and 
observations were made in this case at three sections; Section A was at 
a distance of 19” from the entrance; Section B, 43” from the entrance; 
and Section C, 72” from the entrance. 


The experimental data are shown in the following tables. 


On comparing these, it appears that the radius of the tube at which the 
minimum velocity is required to cause breakdown is sensibly the same in 
each case, namely, 0-165” or 0-66 of the radius of the tube. 


The mean velocities required to cause this breakdown, however, dimi- 
nish very appreciably with the distance from the entrance. If the velocity 
required to breakdown at Section C be taken as unity, that at Section B is 
1-17, and that at Section A is 1-91, 
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SECTION A 
Distance 1'-7" from entrance 
Centre co-ordinates (3-87 : 1-02) 















































Position of Colour Band | Time (Secs.) 
Distance for Level in 
from Centre Tank to fall 
Horizontal Vertical 1-0" 
| 
3-87 | 1-025 | 005 60-1 
388 | 1-02 | “Ol 64-0 
3°87 1-03 | “01 63°6 
3-87 | 1-07 +05 69-0 
3°81 | 1-02 | -06 71-0 
3-95 } 1-03 -081 78-0 
4-00 1-02 “13 96-0 
3°87 | 1-165 +145 103-5 
4-01 j 1-09 “16 107-0 
4-01 } 1-10 -166 | 109-4 
3-88 | 01-20 1800 | 75+ 
3-74 1-16 +189 94+1 
4-09 | 1-€2 +22 75-1 
4-07 | 1-16 °248 65-0 
SECTION B 
Centre co-ordinates (3-875 : 0-935) 
Position of Colour Band Time (Secs. ) 
' Distance for Level in 
from Centre | Tank to fall 
Horizontal | Vertical 1-0” 
3°87 | 96 -030 157-9 
3-91 -93 04 153°5 
3-90 -90 +042 161-1 
3°94 93 -070 159-0 
3-90 1-00 -076 153-8 
3-84 1-04 +114 171-2 
3°99 93 +120 159-0 
3-91 -80 +136 177-0 
4-02 93 +150 178+5 
3-93 -78 -158 179-1 
4-00 83 +164 180°8 
4-05 +84 +175 179°4 
4-03 1-03 “186 173°5 
4-04 83 +197 168-5 
4-08 *950 +212 161-1 
4°08 *860 +22 157-5 
4-08 -860 | 22 155-0 











This is due to the stabilising effect of the bell-mouth entrance, which is 
evidently still slightly felt at Section B which is 86 tube diameters from the 
entrance. 
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SECTION C 


Taken at 6’ from entrance 
Centre co-ordinates (3-89: -92) 








Poaition of Colour Band Time (Secs.) 
Distance for Level in 
AN VEX, from Centre Tank to fall 
Horizontol | Vertical 1-0” 
3-90 92 -01 194°5 
3-90 *933 -016 195-8 
3-91 -933 °024 196-1 
3-89 °95 -03 194-0 
3-89 1-00 “18 196-0 
3-89 1-02 “10 198-1 
3-99 1:00 | +127 202-5 
3-89 1-06 | -140 200-8 
3-99 1-05 “15 205 +1 
4-04 “99 +158 208 «3 
4-02 1-01 -166 210-3 
4-01 1-06 -189 206+3 
4°19 *92 20 200-1 














Careful measurements of the diameter of this 0-5” tube yshowed that 
it varies slightly, to the extent of 0-06” in its length of 7’. The experi- 
ments already described had been carried out with the smaller end at the 
entrance, and in order to determine the cffect of this, the tube was reversed 
and the experiment repeated, observations being made at a point (Section D) 
corresponding to Section C, i.e., 72 ins. from the entratr.ce. 

The results of this experiment are shown in the following table. 


SECTION D 
(Tube reversed) 


Taken at 6' from the entrance end 
Centre co-ordinates (3-86 : +975) 











Position of Colour Band Time (Secs.) 

Distance for Level in 

from Centre Tank to fall 

Horizontal | Vertical 1-0” 

0-97 3-86 -005 121-1 
1-00 3-89 *042 122-3 
0-94 3-90 -050 122-9 
0-90 3-90 -080 125-0 
0-97 3-95 -090 127-3 
1-03 3-93 093 127-9 
1-10 3-83 +133 136-1 
1-03 3-98 136 137-0 
1-05 3-98 +144 137-8 
1-12 3-86 °150 138-0 
1-05 4-00 -161 139-1 
1-13 3-92 *172 129-0 
1-14 3-99 214 133-1 































44 D. L. Deshpande 


The results show that while the radius of maximum instability is at the 
same point as before (at 0-66 of the radius of the tube) the velocity 
necessary to cause breakdown at this radius is 1-5 times as great as witn 
flow in the opposite direction. 


RATIO OF VELOCITIES REQUIRED TO CAUSE BREAKDOWN OF 
MOTION AT CENTRE AND AT RADIUS OF MAXIMUM 
INSTABILITY 


From the various graphs, the ratio of the velocities required to cause 
breakdown of the motion at the radius of maximum instability and at the 
centre, can be obtained. These are as follows: 





Diam of tube ” Ratio 











19” from entrance ie ee 
” ” ee ee 0-88 
72 ” ” ee oe 0-92 


Slightly divergent 


Siightly convergent oa Oe ” ” ne es 0-88 











These figures show that this ratio is greatly affected by the proximity to the 
bell-mouthpiece. On the whole, it would appear that the ratio increases 
slightly as the pipe diameter is decreased. 


CRITICAL VELOCITY NEAR THE WALL OF A TUBE 


In the experiments an observation very near the wall of the tube was 
found to be very difficult. If the tube supplying the colour band was so 
adjusted that the colour band was very near the wall, it almost invariably 
touched the wall before observations could be made, and remained in con- 
tact with the wall. 


If, however, the carves be produced to a radius corresponding to that 
of tae respective tubes, it appears that the velocity required to produce 
breakdown of motion near the wall is much greater than that required at 
any other point in the cross-section. Taking the curves as a whole, it appears 
that the critical velocity is the same as at the centre, at a point whose radius 
is approximately 0-85 of the radius of the tube. 


CONCLUSIONS AND DEDUCTIONS 


All the experiments indicate that when breakdown of motion initially 
streamline into turbulent motion occurs during flow through a tube, the 




















Radial Variation of Critical Velocity of Water 45 


breakdown first occurs at a distance from the centre of the pipe, the experi- 
mental values ranging from 0-60 to 0-67 in the different tubes. From this 
point the turbulence spread inwards to the centre and outwards to the walls. 


The exact reason for the breakdown or the mechanism producing it is 
not as yet understood. It is known to be due to the presence of the pipe 
walls, and to be independent of the roughness of the walls so long as the 
roughness is small. It is not due to the attainment of a limiting shear stress 
in the fluid, since stream-line motion is possible in a small tube with shear 
stresses much greater than that obtaining at the critical velocity in a larger 
tube. 


An examination of the problem in the light of tue experimental data 
of the present investigation, suggests that the breakdown may be related 
to the rate of variation of energy across a diameter of the tube. Since the 
pressure across a section of a parallel tube in which the flow is stream-line 
is constant, the rate of variation of the -nergy per unit mass along a radius 
is the same as tne rate of change of the kinetic energy and therefore of v?. 


Assuming that some sligat deviation of the particles from linear axial 
flow to be produced in any way, this will have its maximum disturbing effect 
it if occurs at a radius where the radial rate of change of energy is a maximum 


dy? . , 
and therefore where -s is a maximum. 


But in stream-line flow through a tube of radius a, 
v oc (a? — r?) 


dv? 


an (a. of 
Qs (a r’\r. 


which is a maximum when r = = 0°58 a. 


a 
V3 

It is suggestive that this is very nearly the radius at which breakdown 
occurred in the experiments. The fact that the experimental value is some- 
what greater than this is possibly due to the fact that in a tube whose walls 
are not perfectly smooth, those filaments nearest the walls suffer some slight 
lateral displacement due to the roughness, and thereby suffer a reduction in 
stability causing breakdown to occur somewhat nearer the walls than would 
be the case in an ideally smooth tube. That this is a possible explanation 
is indicated by the fact that the radius of primary breakdown in the exteri- 
ments was smallest in the two larger tubes, having a mean value of 0:615a 
in tizse tubes, as compared with 0-66 a in the smaller tubes. As the surface 
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finish of all the tubes was as nearly as could be determined the same, tne 
relative roughness would be smaller in the larger tubes. 


2 
It is to be noted that at the radius (a/+/3), the value of . is proportionai 


to aa 4 where @? a is the pressure drop per unit length of the tube. 


But in the similar tubes the — = where »v is the mean velocity, 
e oe dv* . 
is constant at the critical velocity, while 4 7° 2 = aT or 7 is a con- 
stant at the critical velocity in tubes of different diameter. 


i From this it would appear that in any tube the breakdown from stream- 
line to turbulent motion, occurs when the gradient of energy alongthe radius 
exceeds a certain definite value, and that this factor is the criterion of suct 
a breakdown. 
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INTRODUCTION 


Ir is knowo that surface-active substances influence the determination of pH 
whcn carried out by the indicator method. Smith and Jones’ found tnat the 
presence of commervial wetting agents (Gardinol CA and Gardinol WA) 
often caused an error of more than one unit in pH when the common indi- 
cators are employed in the measurement. Hartley? made an _ extensive 
qualitative study of the phenomenon employing paraffin chain salts and 
found that the order of magnitude of the influence could be correlated with 
the valence change in indicators accompanying the colour change. In a 
recent paper, Hartley and Roe*® have attempted to correlate the observed 
displacement of pH with the cataphoretic mobility of the micelles of the 
paraffin chain salts. The object of the present work is to study the effect 
quantitatively with a view to elucidate the phenomenon. 


EXPERIMENTAL 


The surface active substances used in the present work are Nekal BX 
(sodium di-alkyl naphthalene sulphonate) and Igepon T (sodium salt ot 
oleyl-N-methyltaurine). Nekal BX was purified by the method described 
previouly.* Igepon T was purified by a similar method using ethyl alcohol 
as the solvent. The product was dried in vacuum at 80°C. to 90°C. as it 
melted when dried at 100° C. 


The indicators employed were thymol blue and. bromphenol blue 
supplied by the Hellige Company along with their comparator. 0-04 per 
ceat. solutions were prepared by dissolving the solid indicators in the requisite 
quantity of alkali and making up with water.’ 


The Hellige comparator was found to be unsuitable for the present work. 
Apart from the method being approximate (correct only to 0-2 unit) it was 
found impossible to match the colour of the test solution against any of the 





+ Part of Thesis submitted by T. K. in partial fulfilment of the requirements for the degree 
oiMaster of Science in the University of Mysore. 


* Physical Chemist, Imperial Institute of Sugar Technology, Cawnpore. 
¢ Head of the Department of Chemistry, Central College, Bangalore. 
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discs, when the wetting agent was present. For, the wetting agent is found 
to influence the light absorption characteristics of the indicators. The 
Hellige colorimeter was therefore employed for determining the ratio of 
the concentration of basic form to that of the acid form present in the test 
solution. The apparent pH was calculated therefrom by means of the equa- 
(basic form) 
(acid form)’ 
always contained the wetting agent in the same concentration as ia the test 
solution thus compensatiag for the change in the absorption characteristics. 
By taking this precaution excellent matching could always be obtained. 
With bromphenol blue colour matching was not so gocd. The standards 
used were of the following compcsition :— 


Standards for thymol blue— 
Acid standard.—The solution was made up from: 
(a) 0-5 c.c. of the stock solution of the indicator. 
(b) 1-0 c.c. of 2 N hydrochloric acid solution. 
(c) Wetting agent in quantities to give the same concentration as 
in test solution. And 
(7) Water to make up to 10 c.c. 


Basic standard :— 
(a) 0-5c.c. of the stock solution of the indicator. 
(b) Acetate buffer of pH 4-7 having sodium acetate concentration 
0-2N. 
(c) Sufficient amount of wetting agent to give the same concentra- 
tion as in test solution. And 
(a) Water to make up to 10 c.c. 


Standards for bromphenol blue— 


Acid standard :— 
(a) 0-5 c.c. of the stock solution of the indicator. 
(b) 1 ¢.c. of 2 N hydrochloric acid solution. 
(c) Wetting agent in quantities to give the same concentration as 
in the -test solution. And 
(@) Water to make up to 10c.c. 


Basic standard :— 
(a) 0-5 c.c. of the stock solution of the indicator. 
(by Sc.c. of N sodium acetate. 
(c) Wetting agent in quantities to give the same concentration as 
in the test solution. And 
(d) Water to make up to 10 c.c, 


tion pH = pK + log The standards used for such comparison 
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Test solutions were prepared as follows :— 


(a) 0:5 c.c. of the stock solution of the indicator. 

(6) Sodium acetate and hydrochloric acid in quantities to give a pH 
in the woiking range of the indicatcr ana ionic strength of 
either 0-1 ur 0-01 as required. 

(c) Wetting agent in quantities to get a required concentration. 

And (d) Water to make up to 10 c.c. 


The Sorenson values of the test solutions were determined by the 
quinhydrone methoa. The results obtained are givea in Tables I to VIII. 


In measuring the apparent pH values the adjustments with the colori- 
meter could be made correct to about 0-03 unit in the sensitive range. The 
quinhydrone and the indicator methods gave slightly different values for buffered 
solutions and so an appropriate correction was applied in arriving at the - ApH 
values given in the tables. 






































TABLE I 
Wetting agent: Igepon T. Indicator: Thymol Blue. [onic strength of buffer = 0.01. 
g. of wetting agent} Sorenson value Apparant pH as : K, = 2°8; K, 968 
in 100 c.c. of the |(pH by quinhydrone| shown by the eT sot) (-—A pH 
solution electrode) indicator tes P theoretical) 
1-000 3 +24 1-10 | 2-13 2-41 
0500 3°07 0-97 | 2-09 2-31 
0-200 2-94 0-83 2-10 2-10 
0-100 2°88 0-96 | 1-91 1-88 
0-050 2-86 1-10 | 1-75 1-64 
0-020 2°83 | 1-30 1-52 1-26 
0-010 2-83 1-80 1-02 1-02 
0-005 2-83 2°17 0°65 0-76 
0-000 2-83 2-82 0-00 0-00 
TABLE II 
Wetting agent: Igepon T. Indicator: Thymol Blue. lonic strength of buffer = 0-1. 
g. of wetting Sorenson value | Apparent pH as wc, «(Ky =19+1; Ke =706 
agent in 100 c. c. (pH byquinhydrone| shown by the ay | (—A pH 
of the solution electrode) indicator P P | theoretical) 
1-000 2-97 | 1-37 1-53 1-55 
0-500 2-90 | 1-33 1+50 1-52 
0-350 2°84 | 1-33 1-44 1-51 
0-200 2°84 | 1-30 1-47 1-47 
0-150 2-84 1-35 1-42 1°44 
0-100 2-84 1-40 1-37 1-39 
0-050 2-84 1-46 1-31 1-27 
0-020 2-84 1-68 1-09 1-04 
0-010 2°84 1-94 0°83 0°83 
0-005 2 -84 2-09 0-68 0-62 
0-000 2°83 2°76 0-00 0-00 
| i 
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Wetting agent: Igepon T. Indicator: Bromphenol Blue. Ionic strength of buffer = 0-01 























K.=6> 6 
2-00 4°54 3-21 1-4] 1-52 
1-00 4-41 3-61 0-88 0-88 
0-50 4-41 3-82 0-67 0-63 
0-35 | 4-41 3°86 0-63 0-52 
0-20 4°39 4°04 0°43 0-37 
0-10 4-39 4-22 0-25 0-22 
0-05 4-37 4-28 0-17 0-12 
0-00 4-36 4-44 0-00 0-00 
TABLE IV 


Wetting agent: Igepon T. Indicator: Bromphenol Blue. [onic strength of buffer = 0-1. 





























g. of wetting Sorenson value A ent pH as . ” ee 

agent in 100c. c. (pH by quinhydrone|. pete the nee P| — (= $ pH 
of the solution electrode) indicator satis P eoretical) 

2-00 4-70 3-35 1-51 le ™“~ 

1-00 4°70 3-52 1-34 1-34 

0-50 4°70 3-80 1-06 1-06 

0-20 4-71 4-13 0-74 0-72 

0-10 4-71 4-30 0°57 0-49 

0-05 4-73 4°43 0-46 0-32 

0-00 4-73 4-89 0-00 0-00 

TABLE V 


Wetting agent : Nekal BX. Indicator: Thymol Blue. [onic strength of buffer = 0-01. 





2-50 3-17 1-52 1-58 
1-00 3-00 1-42 1-51 
0-50 | 2-92 1-64 | 1-21 
0+35 2-86 1-90 0-89 
0-20 | 2-86 2-27 | 0-52 
0-16 2-84 | 2-34 | 0-43 
0-10 | 2-84 2-40 0°37 
0-08 | 2-84 2-42 0-35 
0-04 2-84 2-54 0-23 
0-02 | 2-83 2-61 0-15 
0-00 | 2-83 2-76 0-00 
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TABLE VI 
Wetting agent: Nekal BX. Indicator: Thymol Blue. [onic strength of buffer = 0-1. 





























g. of wetting Sorenson value Apparent pH as se. 
agent in 100 c. c. (pH by quinhydrone| shown by the we arpa te 
of the solution | electrode) indicator P P 
1-70 2-80 1-22 | 1-60 
0-83 2-63 1-29 | 1-36 
0-45 2-54 1-33 1-23 
0-35 2-41 1-42 1-01 
0-20 2-41 | 1-69 0-74 
0-18 2-41 1-70 0-73 
0-12 2-41 1-96 | 0-47 
0-08 2-41 2-25 0-18 
0-04 2-41 2-42 0-01 
0-02 2-41 2-42 0-01 
0-00 2-40 2-42 0-00 
TABLE VII 
Wetting agent : Nekal BX. Indicator: Bromphenol Blue. Ionic strength of buffer = 0-01. 
| | 
2-0 | 4-42 | 3-96 0-50 
1-0 4-40 4-14 0-30 
0-5 | 4°37 4°34 0-07 
0-3 4-37 4°39 0-02 
0-1 | 4-37 4-40 0-01 
0-0 4:36 4-40 0-00 
i ' | 
TABLE VIII 
Wetting agent: Nekal BX. Indicator: Bromphenol Blue. [onic strength of buffer 0-1. 
| | 
2-00 | 4°68 4°20 | 0-61 
1-00 | 4-70 4-34 | 0-49 
0-50 4-71 4°65 0-19 
0-30 4-71 4°77 | 0-07 
0-20 4°71 4-80 | 0-04 
0-10 4°71 4+84 0-00 
0-05 4-71 4°85 | 0-00 
0-00 l 4-71 | 4-84 0-00 
| 
DISCUSSION 


1. The mechanism of displacement of pH.—After making an extensive 
qualitative study of the eftect of a few paraffin chain salts on a number o. 
indicators, Hartle; has suggested that the observed displacement of pH is 
due to the preferential adsorption of one of the forms of the dye on paraffin 
chain salt micelles. Indication of pH by a dye is dependent on the equilibrium 
between the two forms of the dye differing in valence. The cquilibrium ratio 
of the two forms is determined by the pH of the solution. The acid form 
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of the dye is produced by the union between the basic form and the hydrogen 
ion. The valence of the acid form is therefore higher algebraically than the 
valence of the basic form. The various possible types of valence for the two 
forms are:— 


I. Both forms positively charged, 

(I. Acid form positively charged; basic form uacharged; 
Ill. Acid form uncharged; basic form negatively charged; And 
IV. Both forms negatively charged. 


The surface active substances can also be divided into the differeat 
classes according to the charge possessed by their micelles in solution. When 
an indicator is added to a solution containing a surface-active agent, there isa 
possibility that the micelles of the latter may preferentially adsorb one of the 
foims of the ind.cator. Normally cationic micelle, however, would nct take 
up any of the indicator of type I and anionic micelle would not adsorb any 
of the indicator of type [V owing to electrical repulsion; ia these cases there- 
fore, the surface-active substatice weuld not affect the determination of pH. 
This forms the basis of the sign rule of Hartley.2 In the other cases, there 
would be a preferential adsorption of one of the forms of the indicator. 
Owing to the influence of the electric forces, the acid form which has a higher 
positive charge (or a lower negative charge) would be preferentially taken 
up by an anicnic micelle. The equilibrium between two forms would be 
consequently displaced, there being a shift towards the acid side. This 
resulis in the iadication of lower pH. A cationic micelle would behave in 
the opposite way causing an apparent increas: in pH. 


In a later paper, Hartley has put forth another mechanism for explaining 
the displacement of pH brought about by paraffin chain salts when 
diphenylazo-o-nitrophenol is used as indicator. In this case both the 
forms are almost completely adsorbed by the paraffin chain micelles. The 
micelle being negatively charged has in its immediate neighbourhood a high 
concentration of H* ions. The indicator therefore finds itself in a region 
of low oH. The pH indicated therefore is low and gives an idea of H+ ion 
concentration near the surface of the micelles. Hartley has shown that there 
is an approximate correlation between the zeta potential of the micelle got 
from mobility measurements and that calculated from indicator experiments. 


A complete picture of the phenomenon however can only be got by 
combining both the ideas put forth by Hartley and the following actailed 
mechanism is therefore proposed in the present paper. The usual indicaturs 
are amphipathic substances naving both a hydrophobic and hydrophilic 
portion in the molecule. The surface-active agents are also amphipathic 
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by nature. When both these types of molecules are present in solution 
there is a tendency for complex formation. The complex formation is brought 
about by the union of hydrophobic portion of the indicator with the hydro- 
phobic portion of the molecules or micelles of the surface-active substances. 
The proportion of the acid and the basic forms of the indicator present in 
the complex would be controlled by (a) the local H* ion concentration near 
the indicator ion and (bd) the relative life of the two types of the complexes. 
Due to the difference in the electrical charge associated with the two forms 
of the indicator, one of the forms may produce a much stabler complex than 
the cther. It is to be pointed out that both the factors act in the same direc- 
tion in any particular system. A careful study of these factors reveals that 
a quantitative formulation including these two factors is best done by apply- 
ing the law of mass action on the basis of activities. Since, however, the 
activity coefficients are not available for the complicated molecules or micelles 
dealt with in the present work it is simpler to formulate, employing the con- 
centration terms, and discuss qualitatively the effect of the activity coefficients. 


The quantitative aspect of the problem may now be considered. In 
a solution containing the indicator and the surface-active agent, we have 
(1) the acid form of the indicator, H In. (2) the basic form of the indicator 
In. (3) the complex between the acid form of the indicator and the surface 
active ion H In.....W-. And (4) the complex between the basic form of the 
indicator and the surface-active substance In.-....W~. These are in equi- 
librium. If activity coefficients are not taken into account and if the influence 
of micelle formation is assumed to be negligible, the following relationship 
can be formulated. The theory would be applicable to the region wherein 
micelle formation does not set in or in cases where micelle formation would 
not effect the general behaviour of the system. Let the total concentration 
of the indicator be c;. Let a fraction a be in the free basic form and a frac- 
tion B in the free acid form. Applying the law of mass action to complex 
formation, we get 

[In....W-]= k, ¢; a{ew— [In~ ....W>]} 
where k, is a constant. 


na == ky Ga c,, 
[In-....W-]= roe ae 
Similarly, 


i] _ ke C; Be, 
[HIn....W-] = {+ keep 


where k, is a constant. If x and y are the true and apparent pH values res- 
pectively, we get, 


10°. So 
CG 


A2 
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ky ¢; aC, — 
Gy a+ 3 = 
and 10°-* — I+%, Ge 
B+ Ka C; B Cy — 
T+ kee; B 
1+ k, Cw 
vie 
— pis y— ee a GF (1) 
i+. Ky Cy 
i +k, C; a 
Now, 


~ [Free wetting agent] 





eer [Wetting agent—basic form complex] 
joer" — sae 


_g__ [Wetting agent—acid form complex] 
and ky ¢; B= ~ [Free wetting agent] = 

These quantities are small as compared with unity since only a small 
fraction of wetting agent forms the complex. Thus, equation (1) gets 
reduced to, 


1+ Key 
— A pH= login 92 Q) 


2. Thymol Blue-Igepon T system.—{i) The data obtained with the 
Igepon T-thymol blue system, are found to be in very good agreement with 
the above theory, as can be seen from Tables I and II. Equation (2) has 
been used for calculating the theoretical values. The values of k, and k, 
have been determined by making use of two of the experimental values of 
the pH shift. ° 


Apart from the fact that the experimental values can be fitted into the 
equation, it is to be pointed out that there are other interesting features in 
the experimental data to show that the theory adequately accounts for the 
experimental results :— 


Igepon T being a sulphonate gives a surface-active ion which is negatively 
charged. The indicator thymol blue in the acid range has the basic form 
negatively charged and the acid form uncharged. The acid form conse- 
quently gives rise to a stabler complex. Moreover, owing to the Debye 
effect th: negative surface-active ion induces a high local concentration of 
Hi? ions in the neighbourhood of the complex. Thus the proportion of 
acid form in the complex would be very high. In equation 3 therefore k, 
would be much smaller than k,. This is found to be the case. 


(0:01 N bufter k, = 2-8; k, = 968, 
0:1 N buffer k, = 19; k, > = 706) 








-_ 
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(ii) At sufficiently high concentrations of the wetting agent, complex 
formation may be mcre or less complete; and consequently the pH shift 
would be practically independent of concentration. This has been found 
to be the case. 


(iii) At low values for k,c,,, equation 3 becomes, 
— A pH = logig (1 + ke cy) (3) 


It can be deduced from equation 3 that if a pH shift of 0-3 is proauced 
by a certain concentration c, of the wetting agent (a) a shift of 1-0 unit 
would be produced by a concentration 9 c, and (b) a shift of 2-0 units would 
be brought about by a concentration 99 c,. These conclusions hold within 
the limits of the experimental error in the experiments with 0-01 N_ buffer 
solutions. With 0-1 .N buffer solutions also the relation (a) is satisfied. 
The relation (6) is not obeyed since k, c,, becomes comparable with unity 
when ¢,, is equal to 99 ¢;. 


3. The bromphenol blue-Igepon T system.—It is known that the acid 
form of bromphenol blue has a single negative charge while the basic form 
has a double negative charge. According to Hartley, there should be no 
shift in pH with this indicator, when a surface-active substance of the type 
of Igepon T (which has a surface-active anion) is added.* Hartley based 
his conclusions on the idea that complexes between like charged molecules 
was improbable. But, the experiments recorded ia this paper show that 
there is a considerable displacement of pH in the present case. This shows 
that in spite of the electrical repulsion between like charged molecules, 
complex formation between them does occur owing te the strong attractive 
forces between the hydrophobic portion cf the wetting agent ion and that 
of the indicator ion. It may, however, be expected that complex formation 
would be relatively low; this would be especially true of the basic form which 
bears two negative charges. One may therefore apply equation 3 which 
corresponds to the existence of the complex only with the acid form. The 
calculated values of — ApH on the basis of this equation and the corres- 
ponding experimental values are given in Tables III and IV. An examina- 
tion of the tables shows that the experimental data support the theory. The 
other interesting features which support the thoery are:— 


(a) The values of k, for bromphenol blue are much lower than the 
corresponding values for thymol blue showing that complex formation is 
much less in the former case. This is but to be expected since the acid form 
of the former indicator which forms the complex is negatively charged, 
whereas that of the latter indicator is uncharged. 
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(5) For the reason indicated above, the complex formation with brom- 
phenol blue may be expected to be incomplete even at very high concentra- 
tion of the wetting agent. This is in agreement with the experimental data. 


(c) The conclusions drawn from equation 3 for thymol blue, also hold 
for bromphenol blue. The concentration of wetting agent required to effect 


a shift of unity ia pH is about 9 times the concentration required to cause a 
shift of 0-3 unit. 


(d) The shift in pH is found to be practically independent of indicator 
concentration 


4. Effect of ionic strength on the pH shift—A comparison of tables 
I and II shows that an increase in ionic strength diminishes the pH shift in 
the case of thymol blue. At lower concentrations of wetting agent, the effect 
of salts is small whereas it becomes considerable at high concentrations. 
The effect can be quantitatively treated on lines similar to the treatment 
of neutral salt effect in reaction kinetics® The exact magnitude of 
the effect however cannot be calculated sinc2 the value of 8 in the equation, 
of Bronsted® is not known for the differennt molecules. Due to the 
“a terms”, however (which correspond to the zeta potential effect of 
Hartley) k, would increase whereas k, would be unaffected. Experimen- 
tally this is found to be approximately the case. This explains, in fact, why 
at low concentrations of the wetting agent (where k, does not enter the 
equation), the effect of ionic strength is small. It is of interest to note that 
k, does decrease to some extent with increase of ionic strength. This 
decrease of the value of k, shows that the life of the complex from the acid 
form of the indicator is appreciably decreased by increase in the ionic 
strength. This is somewhat surprising since the acid form of thymol blue i$ 
known to be uncharged (from the simple theory of the neutral salt effect) 
and should not be affected by ionic strength. It is to be noted however that 
the acid form of the indicator has a ‘ Zwitterion” constitution and the 
observed effect only shows that the wetting agent ion is nearer to the positive 
charge of the “* Zwitterion ” than to the negative charge; this is but to be 
expected in view of the flexible nature of the hydrocarbon chain in Igepon T, 
which would help the orientation of its charged end to a position of mini- 
mum potential energy. 


At high concentrations of Igepon T where the complex formation is 
more or less complete, a change of ionic strength from 0-034 (in 1 per cent. 
solution of Igepon T in 0-01 N buffer) to 0-12 (in 1 per cent. solution of 
Igepon T in 0-1 N buffer), decreases the pH shift by about 0-6 unit. It is 
of interest to note that this corresponds very nearly to the effect of ionic 
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strength (c.a. 0°55 unit) observed by Hartley in the system investigated by 
him (indicator: diphenylazo-o-nitropheno!; surface-active substance: 
triethanol-ammonium cetane sulphonate). This shows that the changes in 
potential in the neighbourhood of the complex brought about by salts are 
almost the same in the two systems. 


A few experiments were tried with a view to get the maximum possible 
pH shift. It was possible to get as high a shift as 2:4 units by having the 
wetting agents at a concentration of 0-2 per cent. in water and adjusting 
the pH to 4-2 (quinhydrone electrode) by adding acetic acid. 


With bromphenol blue, increase in ionic strength increases the pH shift. 
This surprising feature is just the opposite of what has been observed in the 
present work with thymol blue and by Hartley and Roe with diphenylazo- 
o-nitrophenol. This effect can be explained as follows:—As is already 
pointed out, the basic forms of the indicator which bears two negative 
charges, does not form any complex at all due to strong electrical repu!sion. 
Increase of ionic strength no doubt decreases electrical repulsion; bu: the 
repulsion is yet too strong (at ionic strength = 0-1) for any complex forma- 
tion. Thus the basic form does not play any role in bringing about the 
observed effect. For the same reason the observed pH changes are entirely 
determined by k, and follow equation (4). Complex formation of the acid 
form of the indicator however, is enhanced by the increase in ionic strength 
due to diminution in the electrical repulsion and thus causes the observed 
effect. 


5. Nekal BX-Thymol Blue System.—An examination of the data in 
Tables 5 and 6 shows that the theory worked out for Igepon T is not applicable 
to the present system. In the present case there is a certain concentration 
of the wetting agent at which the pH shift begins to increase considerably 
with concentration. This concentration value is 0:2 to 0-3 per cent. with 
0:01 N buffer and 0-04 to 0-08 per cent. with 0-1 N buffer. There is a 
striking coincidence between these values and the micelle formation con- 
centrations got from surface tension studies‘ (viz., 0-07 per cent. in 0-1N 
buffer and 0-27 per cent. in 0-01 N buffer). In this system the micelles 
appear to be much more effective than the single molecules in bringing about 
the pH shift. The complex formation is not as strong as with Igepon T 
since Nekal BX is relatively a short molecule and the electrical repulsion 
between the two negatively charged portions in the complex is consequently 
strong. 


6. Nekal BX-Bromphenol Blue System.—The displacement of pH in 
the above system is very small. This is to be expected for (a) Nekal BX is 
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a short molecule and hence electrical repulsive forces would be strong 
rendering the complex relatively unstable and (6) bromphenol blue having 
both the forms negatively charged would not be taken up by the wetting 
agent to any large extent. Since the shift is very small, no discussion of 
the quantitative aspect is possible. It may, however, be pointed out that 
the shift is marked, only at concentrations higher than at which micelle 
formation has occurred. 


7. Wetting power and pH shift.—Since wetting action and the pH shift 
both involve the union of hydrophobic portions, it may be expected that 
there should be a general correlation between pH shift and wetting power. 
An extensive investigation is desirable from this point of view. The observa- 
tions in the present work show that Igepoa T is a much better wetting agent 
than Nekal BX, a conclusion which is also supported by surface tension 
studies’. 

SUMMARY 


1. There is an apparent shift towards the acid side in the pH of 
buffered solutions as measured by the use of the indicators, thymol blue and 
bromphenol blue when wetting agents like Igepon T and Nekal BX are 
present in the system. 


2. Igepon T shows a very large shift with thymol blue. Under favour- 
able conditions the shift may be as large as 2-4 units, an effect much bigger 
than what has been reported in literature so far for any system; Nekal BX 
shows less of the pH shift. Both the wetting agents affect brompheno! blue 
to a smaller extent. 


3. A quantitative investigation of the phenomenon has been made. 
A theory has been put forth, based on the formation of a complex between 
the wetting agent and the indicator to account quantitatively for the effect 
of concentration of the wetting agent on the pH shift. 


4. Igepon T shows a marked shift with bromphenol blue as well. 
This forms a clear exception to the sign rule of Hartley. 


5. Increase in ionic strength decreases the pH shift with thymol blue 
as it is the case with the system worked by Hartley and Roe. When brom- 
phenol blue is used neutral salts produce an opposite effect. An explanation 
is offered which account for these diverse results. 


6. The variation of pH shift with concentration of Nekal BX with 
thymol blue indicates that micelle formation of the wetting agent occurs 
rather suddenly. 
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7. The possible relationship between the pH shift and wetting power 
is pointed out. 
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In Part I? were described certain earlier experiments which could not be 
continued due to the war and the dislocation of our laboratories. It was, 
however, shown that kanugin is a flavone derivative giving the characteristic 
colour reactions and that it has a resorcinol unit since it yielded p-methoxy- 
salicylic acid on oxidation with permanganate or decomposition with alkali. 
The reaction with hydriodic acid could not be explained as simple demethyla- 
tion since nor-kanugin did not regenerate kanugin on re-methylation but 
yielded a different substance. Further work has now been possible and 
particulars regarding the complete constitution of kanugin are described in 
this paper. 

Subsequent to our last publication it has been found that in the root 
bark of Pongamia glabra kanugin is accompanied by another related sub- 
stance and careful and repeated crystallisation is necessary in order to remove 
it and obtain kanugin quite pure. The second component seems to be more 
in abundance in thicker and more mature roots that have been used in later 
work. Consequent on this thorough purification, the melting point of 
kanugin has been raised to 203-05° and its analysis is found to agree more 
closely with the formula C,,H,,O;. Further with concentrated sulphuric 
acid and a crystal of gallic acid it gives a bright green colour characteristic 
of a methylene-dioxy grouping. 

Degradation with alkali has been investigated in detail. A repetition 
of the fission of kanugin with aqueous potash has yielded two acid products 
which could be separated by means of their marked difference in solubility 
in water. The less soluble one is identified as myristicic acid by analysis, 
colour reaction, and by comparison with an authentic sample prepared 
starting from oil of nutmeg. The more soluble portion is found to be the 
same as the impure form of p-methoxy-salicylic acid mentioned in Part I. 
This identification has been confirmed by the convertion of the product 
into the 5-bromo-derivative and subsequent esterification to form the methyl 
ester of 5-bromo-4-methoxy-salicylic acid. These derivatives could be 
easily obtained pure since they are sparingly soluble, and they are found to 
be identical with authentic samples prepared from synthetic 4-methoxy- 
salicylic acid. 
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Degradation using absolute alcoholic potash has gone much better and 
yielded myristicic acid and w: 4-dimethoxy-2-hydroxy-acetophenone in good 
yields. From these results it is clear that kanugin is a robinetin derivative 
and that it has a methylenedioxy group in the 3’: 4’-positions, the other three 
hydroxyl groups being protected by methyl groups (I). 
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The above constitution explains the peculiar results obtained by the treat- 
ment of kanugin with hydriodic acid and the re-methylation of nor-kanugin. 

When purified kanugin is employed, the nor-kanugin obtained has 
slightly different properties from those already recorded. It is a yellow crystal- 
line substance melting at about 325° with decomposition and its composition 
corresponds with the formula C,;H,9O;. Its pentamethyl ether melts at 
148-49° and its penta-acetate at 223-25°. Its identity with robinetin has 
been established by comparison with a synthetic sample obtained by the 
method of Allan and Robinson, starting from w-methoxy resacetophenone 
and the sodium salt and anhydride of O-trimethyl gallic acid, followed by 
demethylation.2 Mixed melting point determinations of the flavonols and 
their derivatives have been made as also a comparison of the colour reactions 
of the two samples under identical conditions. The data are presented in 
the following table, 
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Property | Nor-kanugin | Robinetin 

1. Melting point of the flavonol .. 320-25° 320-25° 

2. Colour with FeCl, “a Dark olive brown Dark olive brown 

3. Precipitate with lead acetate .. Red Red 

4. Colour changes at pH 11 | Quickly dissolves to a yellow solution, changes to 
| emerald green in 10 seconds, then to greenish blue and 
pure blue, changes further to violet and finally pink, 
| resembling alkaline phenolphthalein. This colour is 

stable for an hour and fades to brown through brown 
ink 
5. Melting point of the methy! ther . 135-36° and 148-49° 135-36° and 148-49° 
6. Melting point of the acetate .. 223-25° 223-25° 





Some samples of the pentamethy! ether of nor-kanugin (natural) and of 
robinetin (synthetic) have been found to be melting at 148-49° and some 
others at 135-36°. But in the latter case, when the melt is allowed to solidify, 
the solid subsequently melts at 148°. A mixture of the low and high melting 
samples melts only at 148°. It may therefore be concluded that there are 
two forms of the solid methyl ether having two different melting points. 


In the constitution of kanugin given above, two important features 
should be noted. Kanugin belongs to the small number of naturally occurring 
anthoxanthin derivatives in which all the hydroxyl groups are protected. 
But the more important point is the use of a methylene group for this pro- 
tection, this being the first instance where this group has been found in the 
flavone series. 


It may be interesting to compare the crystalline flavonol components 
present in the different parts of the Pongamia tree. The seeds* contain 
karanjin which may be considered to be a derivative of 3: 7-dihydroxy-flavone, 
i.e., derived from resorcinol. The constitution of the other crystalline 
substance pongamol, also present in the seeds, is not yet clearly known. 
Kempferol is found in the flowers.‘ It is also a flavonol but is derived from 
phloroglucinol. The constitution of pongamin which is found in very small 
amounts in the flowers is still unknown. The root bark® contains kanugin 
which is again a flavonol derived from resorcinol but the side-phenyl nucleus 
is in a higher state of oxidation. Another noteworthy feature is that in the 
flowers the protection of the hydroxyl groups is the least whereas in the roots 
it is complete; an efficient mechanism should therefore be available in this 
part of the plant for this protection. 


EXPERIMENTAL 


Kanugin. 


The sample of kanugin obtained from the root bark of Pongamia glabra 
was crystallised using excess of alcohol in which it is sparingly soluble. The 
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light colourless crystalline solid that was produced after two crystallisations 
melted between 196 and 200°. For further purification it was again crystal- 
lised twice using a mixture of alcohol and acetic acid. It then came out as 
colourless brittle rectangular plates and needles with a pearly lustre melting 
at 203-05°. Further crystallisation did not raise the melting point [Found: 
C, 63:8; H, 4:7; OCHs, 25°8; Ci sH,O, requires C, 64:0; H, 4-5; 
OCH, (3), 26-1%]. It dissolved in concentrated sulphuric acid to give 
a bright yellow solution and the colour changes and fluorescence were exhi- 
bited as reported previously. Even an alcoholic solution gave a blue-violet 
fluorescence; with maguesium and hydrochloric acid a brilliant scarlet red 
colour was produced. When gently warmed with a solution of gallic acid 
in concentrated sulphuric acid, a deep emerald green colour was obtained 
in 10 seconds. 


Alkaline Hydrolysis of Kanugin. 


(1) Using aqueous alcoholic potash.—Kanugin (0-5 g.) was dissolved in 
aqueous alcoholic potash (alcohol 40c.c., water 40c.c. and potash 5g.) 
and the solution boiled under reflux for 6 hours in an atmosphere of hydrogen. 
It was then cooled, acidified with hydrochloric acid and the alcohol distilled 
off under reduced pressure. The residue was then extracted repeatedly 
with ether. The ether solution was then shaken first with aqueous sodium 
bicarbonate in order to separate acid products (A) and subsequently with 
dilute sodium hydroxide to remove phenolic components (B). Neutral 
products would then be left in the ether solution (C). (B) and (C) were 
found to be insignificant in amount and were not further studied. 

On acidifying the bicarbonate extract a solid separated out. This was 
washed with water and marked (D). By ether-extracting the solution the 
more soluble part was isolated (E). When (D) was crystallised from dilute 
alcohol it melted at 212-13° and had the appearance of long rectangular 
plates and prisms with a tendency to taper at the ends (Found: C, 55-3; 
H, 4-4; OCH,, 16-3; CyH,O; requires C, 55-1; H, 4-1 and OCHs, 15-89%). 
It formed a yellow solution in concentrated sulphuric acid; when a crystal 
of gallic acid was added and the solution gently warmed the colour changed 
to bright emerald green and finally to a stable pure blue. The mixed melting 
point with an authentic sample of myristicic acid prepared from oil of 
nutmeg was not depressed. 

When (E) was crystallised from boiling water it yielded a colourless 
crystalline product (flat needles) which had an indefinite melting point 
(130-45°), gave a purple colour with ferric chloride and had all the properties 
of a similar sample (4-methoxy-salicylic acid) already reported in Part I, 
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The substance (0-2 g.) was dissolved in glacial acetic acid (3 c.c.) and 
treated with a slight excess of a solution of bromine in acetic acid. The 
solution was rapidly decolourised and on keeping the mixture for a few 
hours at 0° a crystalline solid separated out. It was filtered and washed 
with a little water. Since it was very sparingly soluble in solvents it was 
purified by boiling with glacial acetic acid. It then melted at 258-59° with 
sintering a little earlier and had the appearance of small rectangular plates 
(Found: C, 38-8; H, 3-1; C,H,O, Br requires C, 38-9; H, 2-8%). It 
was identical with a sample of 5-bromo-4-methoxy-salicylic acid prepared 
from a pure sample of 4-methoxy-salicylic acid. 


The bromo acid was esterified by boiling with anhydrous methyl alcohol 
and a little concentrated sulphuric acid for 12 hours. On allowing to stand 
overnight crystals of the ester separated out. When recrystallised from 
methyl alcohol-acetic acid mixture it came out in the form of rhombohedral 
plates melting at 145-46°, agreeing with the description of the ester ithe Potter 
Rice® who obtained it by a different method. 


(2) Using absolute alcoholic potash.—Kanugin (0-75 g.) was treated with 
absolute alcoholic potash (30c.c. of 8% solution) and the mixture refluxed 
for 6 hours under anhydrous conditions. The solid did not go into solution 
easily and only after 24 hours solution was complete. After 6 hours, the 
solvent was completely removed, water (30c.c.) added and the solution 
filtered through a plug of cotton-wool. When the filtrate was acidified, a 
crystalline solid separated in good yield. The solution along with the solid 
was extracted with ether twice and the ether solution shaken with aqueous 
sodium bicarbonate to separate the acidic component (A). The ether layer 
was finally washed with water and evaporated. The residue was a liquid 
which soon solidified. It was filtered, washed with a little water and crystal- 
lised twice from hot water when it came out as colourless thin rectangular 
plates melting at 65-67°. Mixed melting point with an authentic sample of 
w : 4-dimethoxy-2-hydroxy-acetophenone was undepressed. It gave a reddish 
brown colour with ferric chloride and did not respond to the methylenedioxy 
group test. The 2: 4-dinitrophenyl-hydrazone of the ketone prepared in the 
usual manner was crystallised from ethyl acetate, when it came out as 
bright red rectangular plates. It melted at 218-20° alone or when admixed 
with the 2: 4-dinitro-phenylhydrazone of synthetic w: 4-dimethoxy-2- 
hydroxy acetophenone. 


On acidifying the bicarbonate extract (A) with hydrochloric acid a 
crystalline solid was obtained. It was filtered, washed with a little water 
and purified by crystallising twice from methyl alcohol from which it sepa- 
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tated as big rectangular prisms with a tendency to taper at the ends and 
melting at 212-14°. This was identical with myristicic acid obtained in the 
other method of hydrolysis 

Demethylation of Kanugin: Nor-Kanugin (Robinetin). 


A solution of kanugin (0-5 g.) in phenol (3c.c.) was treated with 
hydriodic acid (10 c.c. of d. 1-7). The mixture was heated at 150-60° for 
1 hour. It was then cooled, diluted with water (50c.c.) and free iodine 
decomposed by means of sodium sulphite. The yellow solid that separated out 
was filtered, washed repeatedly with hot water and purified by crystallising it 
from aqueous alcohol when it came out as yellow rectangular plates, melting 
at 320-25° with decomposition (Found in the air-dried sample: C, 55-9; 
H, 4-1; C,;H,,O,, H,O requires C, 56:2; H, 3-7%). The compound was 
sparingly soluble in hot water and moderately in alcohol and acetic acid. 
Its alcoholic solution exhibited a brilliant green fluorescence. It gave a dark 
olive green colour with ferric chloride and a red precipitate with lead acetate 
in alcoholic solution. In concentrated sulphuric acid it dissolved to form a 
yellow solution without fluorescence. 


Nor-Kanugin Acetate 


The acetate of nor-kanugin was prepared by boiling it (0-1 g.) with 
acetic anhydride (3 c.c.) and a drop of pyridine for an hour and a half. The 
anhydride was then removed under reduced pressure and the white solid 
left behind was purified by crystallisation from absolute alcohol. It came 
out in the form of colourless narrow rectangular prisms, melting at 223-25°. 
The mixed melting point with a sample of the acetate of robinetin was not 
depressed (223-25°). 


Nor-Kanugin Methyl Ether 


A solution of nor-kanugin (0-1 g.) in anhydrous acetone (25c.c.) was 
treated with dimethyl sulphate (0-3c.c.) and anhydrous potassium carbo- 
nate (2g.). After refluxing for 8 hours, the potassium salts were filtered off 
and the residue washed with a little acetone. When the solvent was dis- 
tilled off, the methyl ether was obtained as a white crystalline solid. It was 
purified by crystallisation from alcohol when it appeared as narrow rec- 
tangular plates melting at 148-49°; the mixed melting point with robinetin 
methyl cther (synthetic) was undepressed (Found in the air-dried sample: 
C, 61:9; H, 6:0; OCHs, 38-9 and loss on drying in vacuo 5-0. CsyHo9O,, 
H.O requires C, 61-5; H, 5-6; OCH; 39:7 and H;,O loss 4:6. Found 
in samples dricd at 110° in vacuo: C, 64-9, H, 5:5; CypHeoO, requires 
C, 64°5; H, 5-4%). 
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SUMMARY 

Kanugin C,,H,.O, yields myristicic acid and p-m:thoxy salicylic acid 
when decomposed with aqueous alcoholic potash and myristicic acid w: 4- 
dimethoxy-2-hydroxy-acetophenone when decomposed with absolute alcoholic 
potash. Nor-kanugin has been identified as robinetin by a comparison of 
the flavonols and their derivatives. It is, therefore, concluded that kanugin 
is 3: 7: 5’-trimethoxy-3’ : 4’-methylenedioxy-flavone. The crystalline compo- 
nents of the seeds, flowers and root bark of Pongamia glabra are compared. 


REFERENCES 

1. Rangaswami and Seshadri .. Proc. Ind. Acad. Sci. (A), 1943, 17, 20. 
2. Badhwar, Kang and Venkataraman... J. C.S., 1932, 1105. 

Charlesworth and Robinson .. Ibid., 1933, 268. 

Gulati and Venkataraman .. J. Prakt. Chemie, 1933, 137, 53. 
3. Rao, Rao and Seshadri .. Proc. Ind. Acad. Sci. (A), 1939, 10, 65. 

Rangaswami and Seshadri .. Ibid., 1942, 15, 417. 

4. Murti and Seshadri .. Ibid., 1944, 20, 279. 

Rangaswami, Rao and Seshadri .. /J/bid., 1942, 16, 319. 


6. Potter Rice -- £AC. SS, 6 SS. 














A NOTE ON SPECTRAL INTENSITY CHANGES IN 
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ASUNDI AND J. SINGH? have recently drawn some important conclusions about 
the relative strengths of the first positive and second positive band systems 
of nitrogen excited by h.f. discharge in rarefied air. They observed a change 
in the colour of the glow when the frequency of oscillation was changed. 
This happened abruptly at a critical frequency of 735 k.c. below which the 
first positive system is stronger than the second positive system and above 
which the reverse is true. The change in colour is attributed by them to 
the change in intensities of these two band systems. 


The authors have referred to the work of Brasefield? who has investi- 
gated the variations in the electron velocity in the h.f. discharge. He extra- 
polated the velocity of the exciting electrons in the h.f. discharge from the 
curves (got from independent experiments) representing the variation in the 
ratio of the intensities of two neighbouring lines with the uniform velocities 
of the electrons employed for excitation. This method will be correct if 
the discharge gives rise to uniform electron velocities. This is not true as the 
electrons undergo a velocity distribution in the h.f. discharge. Thus it is 
not possible to draw any quantitative conclusion regarding the mean electron 
velocity from the above method. The deviations of Brasefield’s results from 
the actual values of the electron velocities, occurring in the h.f. discharge, 
cannot be estimated unless some new method is tried which takes into consi- 
deration the distribution of electron velocities. The general conclusions 
about (1) the increase in electron velocity with the decrease in the frequency 
of oscillation ; (2) the increase in electron velocity with the increase in excita- 
tion voltage; (3) the decrease in electron velocity with the increase in pressure, 
may be true but no qualtitative conclusions are possible. 


Asundi and J. Singh have assumed that the output voltage of the oscilla- 
tor was constant for all the frequencies. This is contrary to our experience 
of Hartley circuits. The output voltage varies considerably with the change 
in frequency. At the same time the conductivity of the discharge being 
different at different frequencies, the load on the oscillator will vary at 
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different frequencies and may cause a change in the output voltage. It is 
known that unless the Hartley circuit is meant to deliver a considerably high 
power the output voltage changes with the load. Data with regard to the 
modified Hartley circuit used by Asundi and J. Singh giving a constant 
voltage output at different frequencies and loads would have facilitated the 
correctness of the above assumption. It would have been better if the 
constancy of voltage was checked and its absolute value noted. These condi- 
tions being not defined, it is quite likeiy that the change in the electron velo- 
city which is responsible for the change in the relative intensities of the two 
band systems may be due partly to the change in voltage and partly to the 
change in frequency or to the change in voltage only. 


Again there is no mention of the pressure at which the investigations 
were made and this is a very significant factor. According to Brasefield’s 
simplified mechanism of the h.f. discharge, a decrease in frequency will 
increase the electron velocity, because the time for which electric force will 
act on the electron will be longer at lower frequency. If this is correct, then 
with a known change in frequency the resulting change in the electron velocity 
will depend on the mean free path of the electron and thus on the pressure. 
This change in electron velocity with a known change in frequency will also 
depend on the voltage of excitation as the velocity will depend on the electric 
force acting on it. Thus for a particular applied voltage, there will be a 
pressure above which a change in frequency wi!l not change the electron 
velocity. This will be when the m.f.p. for the electron will be smaller than 
the distance travelled by it in the time of half a cycle at the highest frequency. 
Asundi and Pant*® have also observed that the phenomena get complicated 
at high pressures. This is due to the small m.f.p. of the electrons at high 
pressures. 


A phenomenon of the colour change in the glow of the h.f. discharge 
in air was lately observed by us while doing probe study of the h.f. discharge. 
The frequency range was higher than that used by Asundi and J. Singh 
(4 to 15 m.c.). A sudden change in colour was observed when the pressure 
in the discharge tube was being lowered. The change was abrupt at a certain 
pressure. The value of this critical pressure was found to vary with excitation 
voltage as well as the frequency. In view of this, it appears that the change 
in colour is a complicated phenomenon associated with several parameters 
like pressure, frequency, excitation voltage, etc. As an example, the follow- 
ing Tables I and II will give an idea as to how either of these parameters is 
susceptible to change with variation in the other. The observations given here 
were taken with a cylindrical tube having external sleeve electrodes, 
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TABLE I TABLE II 
rn : Critical Pressure in mm. at 
: : Critical Pressure in mm. at Frequency 
Frequency in Voltage 
megacycles sec. ' 
1000 V 1300 V 4 mc./sec. | 9 mc,/sec. 
2 ee eee eee es psed. Sree ee 
12 0-24 0-54 800 0-20 ae 
9 0°34 0-69 1000 0-51 0°34 
7 0-40 0-76 1250 0-73 0-56 
4 0-51 0-89 1400 0-85 0-68 

















The tube was connected through drying system and oil manometer to a Cenco 
Hyvac pump. The discharge was excited by h.f. oscillations from a Hartley 
circuit, the frequency of which was changeable from 4 to 15 megacycles, 
The h.f. voltages were measured by a thermionic voltmeter specially designed 
for the purpose. The frequency was measured by a General Radio absorption 
type of wavemeter. Table I gives the variation of critical pressure with fre- 
quency of oscillation at two excitation voltages; while Table II shows its 
variation with the voltage at two different frequencies. 


We agree that the relative changes in the two band systems as observed 
by Asundi and J. Singh may have been brought about by a change in electron 
velocity, but whether the critical velocity can be attributcd to a change in 
frequency alone is a doubtful point in the absence of data about the other 
variables. For some time we have been investigating several other aspects 
of h.f. discharge quantitatively, the results of which will be communicated 
in due course. 
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RADIATION BALANCE OF THE LOWER 
STRATOSPHERE 


Part I. Height Distribution of Solar Energy Absorption 
in the Atmosphere 
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Abstract.—A study of the radiation balance of the atmosphere involves 
the determination of the absorption and emission of radiant energy due to 
the different constituents of the atmosphere. In the stratosphere below 
50 km., these are mainly ozone, CO, and water vapour. The major part of 
the absorbed energy is from solar radiation, the actual absorption at different 
levels being determined by the absorption coefficients of these gases and their 
vertical distributions. In this paper, a detailed survey is made of all the 
available data and of the recent methods developed for using such data, 
and after proper selection, curves are prepared giving the solar energy 
absorbed by different quantities of O;, CO, and H,O. These are used to 
calculate the absorption of solar energy per unit volume and per unit mass 
in different 2 km. layers for certain vertical distributions of the constituents. 
It is seen that the mass density of absorption due to ozone above 50 km. 
becomes much larger than that due to CO, and H,O while in the region 
below 30 km., they become comparable. Water vapour becomes more and 
more effective as we approach the earth. 


§ 1. INTRODUCTION 


The investigation of the important problem of radiation balance of the 
earth’s stratosphere involves the study of the absorption and radiation of 
energy due to the different absorbing constituents of the atmosphere. 
Gowan! has worked out in two papers the effect of ozone on the temperature 
of the upper atmosphere. At the time when he wrote his papers, little was 
known about the detailed height distribution of atmospheric ozone. Later 
work by Gotz, Meetham and Dobson,” Regener,*® and the American workers* 
has provided important knowledge about this. Penndorf> has used some 
of these results to calculate the heating and cooling of the ozonosphere. But 
he considered only the ultra-violet absorption due to ozone, without taking 
into account the visible absorption in the Chappuis band which also plays 
a part, and neglected the effect of carbon dioxide and water vapour. In a 
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later paper, Godfrey and Price® have investigated ‘ the thermal radiation and 
absorption in the upper atmosphere’ but have concerned themselves mainly 
with the ionosphere above 100 km., where the main absorbing constituent 
is oxygen. On the other hand, Elsasser” in his recent investigation of 
‘the heat transfer by infra-red radiation in the atmosphere’ mainly deals 
with the region below about 10 km., where water vapour is the predominant 
absorbing substance. As far as the lower stratosphere is concerned, it is 
clear that the absorption and emission of radiation is governed almost 
entirely by ozone, carbon dioxide and water vapour.® Oxides of nitrogen 
and some polyatomic gases like methane, ethylene, etc., which have some 
absorption bands, usually occur in variable and very small quantities and 
are probably unimportant. Recent investigations of atmospheric absorp- 
tion in the infra-red by Adel and Lampland,° the study of the water vapour 
spectrum by Weber and Randall’® and of CO, absorption in the infra-red 
by Martin and Barker," and the development of methods of using such data 
introduced by Schnaidt,’* Elsasser,’? Callendar,'* and Strong supply 
important material for a reconsideration of the subject. 


The total inflow of radiant energy from different sources into any layer 
of the atmosphere consists of (i) the incident solar radiation, (ii) the terrestrial 
radiation from the surface of the earth, and (iii) the radiation from the differ- 
ent atmospheric layers above and below the layer under consideration, which 
depends upon their composition and temperature. The loss of radiation 
by the layer consists of the radiation from both sides of the layer, assuming 
it to radiate at its temperature in those regions where it has selective absorp- 
tion and in proportion to its effective absorption coefficient. The difference 
between the absorption and emission by the layer will give the net radiation 
used up in heating the layer, and if there is radiation balance, this quantity 
will be zero. This is equivalent to the condition that at any level in the 
atmosphere where there is radiation balance, the incident solar energy flux 
is equal to the net upward flux due to radiation from all the gaseous layers 
and the earth. 


The investigation therefore can be divided into the following sections :— 


(i) An examination of the nature and amounts of the different absorbing 
gases at different levels in the atmosphere. We shall confine our attention 
to the region below 50 km. 


(ii) Collection and selection of the necessary data regarding the 
absorption coefficients of the constituent gases throughout the spectrum. 


(iii) Calculation of the vertical distribution of solar energy absorption 
in the atmosphere. 
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(iv) Preparation of radiation charts for the three main gases (ozone, 
carbon dioxide and water vapour) of the atmosphere below 50 km., suitable 
for calculating the net radiation from a given column of absorbents. 


(v) Calculation of the equilibrium temperatures for known vertical 
distributions of ozone like those at Troms¢, Arosa, Poona, etc., and assumed 
distributions of CO, and water vapour. 


It is the purpose of this paper to consider the absorption side of the 
problem, covering the first three items. The radiation side and the linking 
up of the two sides will be taken up later in two papers. 


§ 2. THE SOLAR ENERGY CURVE 


The solar energy received at the earth is a parallel beam radiation. The 
intensity of the incident solar radiation outside the earth’s atmosphere is 
calculated by using Planck’s relation on the assumption that the sun radiates 
as a black body at 6000° K. This gives the total energy radiated out from 
unit area of the sun’s disc as: 


R =oT* = 1767-6 cal. cm.-? sec.-! 


The energy received at the outer limit of the earth’s atmosphere will be the 
solar constant, S, and is given by 


S =R-r?/D? = 2-306 cal. cm.-? min—, 


where r is the sun’s radius and D the earth’s mean distance from the sun. 
This is considerably higher than the observed value, viz., 1-925 cal. cm? 
min.—!, the mean value given by Abbot.!® Abbot’s value is however obtained 
neglecting the absorption of solar energy by ozone in the ultra-violet 
(Hartley) band which is about 6:26%. Including this, S becomes 2-045 
cal. cm.-? min! Still there is discrepancy between this value and the above 
calculated value. This is due either to the sun’s assumed effective tempe- 
rature (6000° K.) being too high, or the fact that the sun might not be 
radiating strictly as a black body.’’ In all further calculations, the sun is 
taken as a black body at 6000°K. and the solar constant as 2-045 cal. 
cm.-? min.-', which is Abbot’s value corrected as mentioned above; thus 
the solar energy received by one sq. cm. at the outer limit of the earth’s 
atmosphere is given by simply multiplying the corresponding energy radiated 
from one sq. cm. of the sun’s disc by the factor: S/R =1-:929 x 10°. 
This is equivalent to taking the effective temperature to be nearly 5823 ° K. 
for the total radiation and, rather inconsistently, to be 6000° K. for the 
distribution of radiant energy in the solar spectrum. Any error that might 
be caused in doing so will be of a numerical nature, and can easily be cor- 
rected by making a corresponding slight change in the above multiplying 
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factor. Tables I, II, Ill give the solar energy contained in the different 
absorption bands of ozone, CO, and water vapour, as it is received at the 
outer limit of the earth’s atmosphere. 


§ 3. OZONE BANDS 


(1) Ultra-violet (Hartley) Band: 2000-3300 A.—(a) Data by Meyer,* 
Lauchli,® Fabry-Buisson,2° Ny Tsi-Ze and Choong” are available. Those 
by the last named authors (Fig. 1) were used as being the most detailed. 
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Fic. 1. a, the decimal absorption coefficient per cm. of ozone at N.T.P. in the Hartley band 
according to data by Ny Tsi-eZe and Choong Shin-Piaw. 
incident solar radiation just outside the earth’s atmosphere. 

Unit of Jad, = cal. cm.-? sec,-? 


Ja is the intensity of the 


The curve gives the decimal absorption coefficient a per cm. of ozone at 
N.T.P. at different wavelengths, Beer’s law (I =I, x 10-%*) being assumed 
to hold for each wavelength. Curves were prepared, using Beer’s law, 
giving absorption from wavelength to wavelength due to known quantities 
of ozone. The transmission curves showing how the incident solar energy 
curve gets modified due to passage through different quantities of ozone 
are given in Fig. 2. Graphical integration of similar absorption curves 
gave the solar energy aborption for each quantity of ozone, from 


which a general curve (Fig. 3) was obtained, and this was used for further 
calculations. 


(b) Alternative method.—Chapman** in his paper on “* The atmospheric 
height distribution of band-absorbed solar radiation” suggested that the form 
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Fic. 2. Intensity of solar radiation in the Hartley band after passage through different thick- 


nesses of ozone in the earth’s atmosphere. 
Unit of Jad,=cal. cm.—* sec. 


of the absorption curve can be expressed by the normal error equation: 
a= dp e# Mn-Dey? (1) 


where ay= peak value of a, Ay= wavelength corresponding to a», and 
h determines the spread of the band which can be obtained by plotting* 


log a against (A — A,)*. Then the fractional absorption at any wavelength A by 


Zcm. of ozone will be: 1— aaa ines , Where B=2-303a,. If the 


solar energy curve in the region between A,= 2000 A and A, = 3300A, 
(A, < Ay < Ag), is assumed to be of the linear form J,=k+ md, the total 
solar energy absorption by Z cm. of ozone in the band within the limits A, 
and A, becomes: 





*Lauchli and Fabry-Buisson plot log a against A and give the following empirical 
formule for the region 2800-3350 A : 


log a = 17-58 — 0-0564-, oe .. (F. & B.) 
log a = 14-74 — 0.0536-a iy <s.- Cow 

















Radiation Balance of the Lower Stratosphere—I 75 















































250x1d- 
FD 200 
© 
2 ft 
'§ a 
% 
& 
3™ 
8 oul 
> ¢ 
3 Ye 
. ) 
5) «“ 
& 

§ 
: Z 
W 50 

aa 

i ChaPr) 

0- D cBiscallinelisihieninednealiaiis pete Infrared Bands 
4:0 30 2:0 0 0 


Log LZ (Z=Cmof 0, at N.T.P) 


Fig. 3. Absorption of solar energy by Z cm. of ozone at N.T.P. in the different bands. 
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The integral can be evaluatedt and shown to be: 





+ I thank Prof. D. D. Kosambi for his help in the solution. This method for a limited 
nd can be extended to similar single or composite absorption bands of any gas.—Author. 
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B,=Jy, 35° Sit aya ° Se (2) 

where S,=2(—1)"*! 7 ia [6 (vnA) + $(VnB)], 
a nt p” — n” 
= rah 1 ue —_ 

S,=2(—1"+* A [em—e 9), 

and p= BZ, A=h*(A,— Ag)®, B= hh? (Ag— Agl?, Jy, =k + My, 


and ¢@ denotes the error function given by ¢ (x)= a f e~ dt. 
7 
0 


The infinite series S, and S, in equation (2) can be evaluated by using 
tabulated values of ¢(x) and e~*. It is found/that S, is the main term, while 
S, is a correction term being the difference of two small and nearly equal 
quantities. E, was evaluated for different values of Z of ozone. Three 
such values (for Z = -001 cm., -004cm., -01 cm.) are shown by stars on the 
curve relating to the Hartley band in Fig. 3, showing good agreement with 
the values obtained by the graphical method. 


In Chapman’s paper referred to above, he gets the absorption of energy 
of radiation between wavelengths A and A + dA between levels m and m + dm, 


which is o dx, S, dA being the intensity of the incident beam at the level m, 


and then integrates it over the whole band. In this paper, we do not calcu- 
late the density of energy absorption directly, but only the energies absorbed 
by different finite masses Z cm. of ozone when the incident energy J, is of 
the linear form assumed. The multiplication of the terms J, and a, (due 
to differentiation with respect to m) does not therefore appear in our inte- 
grals. The actual energy absorption in an atmospheric layer of finite extent 
will be found by getting the values of the energies absorbed down to the top 
and base of the layer, beginning at the outer limit of the atmosphere, and then 
taking their difference. This quantity divided by the mass in the layer gives 
the mass density of energy absorption. This is an elementary but practical 
way of getting the density of energy absorption in the different layers of an 
atmosphere of any arbitrary composition, the values obtained being averages 
over these regions. This will give equally good results if the layers are taken 
sufficiently small. 


(c) It is assumed in accordance with the observations of Vassy?* that 
there is no variation of absorption with pressure in the Hartley band. This 
has been recently verified by Strong. 











Radiation Balance of the Lower Stratosphere—I 77 


(d) Data by Vassy™ show that the temperature effect is small and it has 
been neglected. 


(2) Visible (Chappuis) Band : 4400-7600 A.—This band has been studied 
by Colange,** E. Vassy,"> A. Tournaire-Vassy*’ in the laboratory, and by 
Cabannes and Dufay?® and Fowle?** in the atmosphere. Absorption 
coefficients at 18°C (Fig. 4) from A. Tournaire-Vassy’s measurements quoted 
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Fic. 4. a, the decimal absorption cofficient per cm. of ozone at N.T.P. in the Chappuis band, and 
Ja, the intensity of the incident solar radiation just outside the earth’s atmosphere. 
The coefficients are for a temperature of 18° C, and unit of Jada = cal. cm.~? sec.—}. 


in detail by Gétz?® were used. Since this band lies in a region near the peak 
of the solar energy curve and is much wider than the Hartley band, it plays 
a not unimportant part in the absorption of solar energy. Curves similar 
to those for the Hartley band showing the solar energy absorption by different 
path lengths of ozone were prepared (Fig. 3). 


It will be seen that the Chappuis band becomes important for ozone 
values higher than about 0-1 cm., i.e., below about 25km. For places in 
high latitudes where the sun will be low for many hours, this band will play 
an important role. This is clearly shown in Fig. 5, which gives the actual 
solar energy absorption at different levels in the atmosphere for an ozone 
distribution like that at Troms¢ (Lat. 69°40’ N.), for different zenith distances, 
It is interesting to note that the solar energy absorption curve for the 
Chappuis band closely follows the ozone distribution curve, since the energ, 
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Fic. 5. Vertical distribution of ozone at Troms¢ and the corresponding rates of absorption 
solar energy in the Hartley and Chappuis bands for different zenith distances x of 
the sun. 

absorption varies practically linearly with ozone quantity even up to 1 cm. 

of ozone, 


There are no measurements of the pressure effect on this band. The 
study of the temperature effect by E. Vassy”® shows an increase of absorption — 
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coefficient with decrease of temperature, being about 12% greater when the 
temperature is reduced from 20°C to — 40°C. But the values given are 
only relative, Colange’s value for the maximum absorption coefficient at 
room temperature being assumed as 0:05. Cabannes and Dufay have also 
used Colange’s values to determine the ozone content of the atmosphere. 
But the amounts of ozone they have thus obtained seem to be too high, 
suggesting that the absorption coefficients are too low. Actualiy in the 
ozonosphere, lower temperatures than room temperature and hence higher 
values of the absorption coefficients have to be accepted. The values which 
are quoted by Gétz and used in our calculations are about 36% higher than 
Colange’s values. This is a change on the correct side, though it may not 
be quantitatively correct. A detailed experimental study with simultaneous 
observations both in the visible and the ultra-violet regions is still necessary 
to clarify the matter. 


(3) Infra-red Bands at 4-75 uw, 9-6 wand 14-1 ».—These are comparatively 
unimportant for the calculation of the absorption of solar energy, since the 
solar energy curve goes down rapidly in the infra-red. This will be clear 
from Fig. 3 and Table I which give the solar energy contained in the different 
ozone bands and the relative absorptions produced by them. Still, the 
calculations were completed as they are useful for the consideration of the 
radiation side of the problem. 


TABLE I 


Intensity of solar radiation [E,]™ in the different ozone bands just outside the 
earth’s atmosphere and the relative absorptions of energy 


Unit of intensity = 107§ cal. cm.~? sec. 





Energy absored by Z cm. of ozone at N.T.P. 
, when kept at a pressure of 25 mb. 

Band Range vg 
Z = -001 \7 2-01 cm.|Z=+1 cm.| Z=1 cm. 














seni 


























Hartley Band | 2000-33004} 218-5 | 18-1 | 86-3 142-5 | 186-5 
Chappuis Band ..| 4400-76004 1200-5 | 0-08 | 0-81 8-08 | 77-4 
Infra-red 4°75 w Band | 4+ 65-4-90 u 2-66 0-04 | 0-13 0-40 1-19 
96m ., .-| 9810-1 p 0-58 | 0-014 0-05 0-14 0-39 
ilin .. ..| 10-3, 0-78 | 0-006 0-02 0-06 | 0-17 

Total for all bands ..| 1517-9 | 18-3 | 87-3 151-2 265-7 





(a) For the 9-6 band, Adel’s * curves on the atmospheric absorption 
measured at Lowell Observatury were used to calculate the absorption 
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coefficients (Fig. 6) by a method! of reduction and elimination, the effective 
pressure being taken to be 25 mb., which is roughly the pressure at the 
centre of gravity of atmospheric ozone. The recent values obtained by 
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Fic. 6. a, the decimal absorption coefficient per cm. of ozone at N.T.P. in the 9-6 u infra-red 
band calculated from the atmospheric measurements of Adel and Lampland. 


Strong"* with the apophyllite residual ray apparatus gave a = 0-8 to 1:0 
per cm. of O, at N.T.P. for a gas pressure of 25 mb. and these agree well with 
those deduced from Adel’s data. All old curves gave extremely low values, 
for example K. Angstrém’s® and Ladenburg and Lehmann’s*! curves gave 
values of a to be -005 to -09 per cm. of ozone, Gerhard’s®? curves gave 
a = :004 to -019, and curves by Hettner and his co-workers** gave a= -035, 


(b) For the bands at 4:75 and 14-1, curves recently obtained by 
Hettner and his co-workers** are available. But the quantity of ozone 


{ Out of the different series of observations which Adel gives for the atmospheric trans- 
mission in the region 8—I11l,y, series A,B and E refer to the same air mass 1-6 but to 
different water vapour contents, viz. 41-5, 21-4 and 3-2 mm. of ppt. H,O. Detailed knowledge 
of the absorption due to CO, in the same region (8—11 «) is available from Barker and Adel’s 
paper (Phy. Rev., Vol. 44, 185, 1933). The total ozone content of the atmosphere was assumed 
to be the same for the three series, accepting Dobson’s mean annual value for the latitude 
35° N. of Lowell Observatory as 0-240 cm. at N.T.P. The total CO, content was also taken to 
be the same for the three series, accepting the value 240 cm. at N.T.P. This enabled the effects 
due to water vapour, CO, and ozone to be separated, so that by eliminating the effects of 
water vapour and CQg, the absorption due to ozone alone could be calculated at each wave- 
length. Fig. 6 gives the mean decimal absorption coefficient a obtained from the three series, 
the effective gas pressure being taken to be 25 mb. which is the pressure at the centre of gravity 
© atmospheric ozone. 
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mentioned by these authors (30cm. of ‘ practically pure’ ozone under a 
pressure of 160 mm. of mercury) seems to be too high. If the values of the 
absorption coefficients obtained from Adel’s and Strong’s observations at 
9-6 are taken to be correct and Strong’s empirical fourth root law for 
pressure effect is adopted, this quantity would completely black out most 
of the 9-6 band. Hettner’s curves however show as much as 5% trans- 
mission at the peak of the band. Elsasser” also in his paper expresses a 
doubt about this, but disposes of the matter by saying that the true amount 
may be different owing to the fact that the line-broadening effect of ozone 
upon itself may be different from that of air upon ozone. But this is only 
a speculation. According to Hertz,** Eva Bahr® and others the line-broaden- 
ing effect due to the addition of air or of the pure gas obeys the square root 
law in the case of CO, and water vapour. The only available laboratory 
data in the case of ozone are those by Strong who proposes the fourth root 
law. But whichever law is nearer the truth, it is difficult to accept the quantity 
mentioned by Hettner and his co-workers. The best way seems to be to 
accept Adel’s results as correct for the 9-6 » band and recalculate the partial 
pressures of ozone in the experiments of Hettner, and thence the absorption 
coefficients in the other regions. The average absorption coefficients k 
given in the appendix are obtained in this manner, using Elsasser’s relation 
A =¢(/VkZ), and the fourth root law proposed by Strong to take into 
account the pressure effect. 


(c) Though Strong has proposed the fourth root law for the pressure 
effect, most other workers propose the square root law for the infra-red 
region in general. It is difficult to see why the 9-6 band of ozone should 
be an exception to the square root law. The use of the apophyllite residual 
ray apparatus in Strong’s observations necessarily involves the reflection 
contour characteristic of the material used, and what is obtained is the 
combined integrated effect of the reflection contour and ozone absorption. 
Results obtained with such apparatus are therefore not strictly comparable 
with those with sufficient spectral details. The use of any higher root law 
only means less variation of absorption with pressure. For the use of any 
nth root law in this connection, coefficients appropriate to a standard pressure 
Py are to be calculated from observations made at any pressure p on a quantity 


Z cm. of ozone, using the relation Z | ; . For calculations in the ozone 
0 


bands, the standard pressure py is taken to be 25 mb., which is roughly the 
pressure at the centre of gravity of ozone. It was also arbitrarily decided to 
accept the fourth root law for all infra-red bands of ozone, since no other 
results than those of Strong are available for the pressure effect. For carbon 
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dioxide and water vapour bands, however, the square root law was used in 
accordance with the conclusions of Hertz and Eva Bahr. It was seen (Fig. 3) 
that the actual value of the solar energy absorbed by ozone in all the infra- 
rect bands taken together becomes very small as compared with the absorption 
of energy in the ultra-violet and the visible regions, and hence it matters very 
little whether the square root law or the fourth root law is used to take 
account of the pressure effect. 


(d) The temperature effect was neglected due to lack of available data. 
In any case, the total absorption being small, the neglect is not important. 


§ 4. CARBON DIOXIDE BANDS 


All CO, bands lie in the infra-red region beyond 2. Still the total CO, 
content of the atmosphere being as large as 240 cm. at N.T.P., it plays a 
part in the absorption of solar energy, especially in the lower stratosphere. 


The important bands are at 2:7y, 4:3y, 9-l1p and 12-5-17-5u. 
For the 2:7 band, Barker’s** curve’ was used. Absorption curves for 
different quantities of CO, were prepared similar to those for ozone, using 
Beer’s law for each wavelength ; graphicai integration of such curves gave 
the solar energy absorption for the band. For the 4:3 » band, Martin and 
Barker’s 4 new curves were used. For the remaining two bands, data collected 
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Fic. 7. Absorption of solar energy by C cm. of CO, at N.T-P. in the different bands. 


by Callendar’* were used, adopting his empirical formula A = 1 — (1 + ancy". 
The comparative importance of the different CO, bands for the absorption of 
solar energy will be seen from Fig. 7 and Table II. 














Radiation Balance of the Lower Stratosphere—I 83 


TABLE II 


Intensity of solar radiation [E,J* in the different CO, bands just outside the 
earth’s atmosphere and the relative absorptions of energy 


Unit of intensity = 1075 cal. cm.~? sec.“ 





Energy absorbed by C cm. of COg at N.T.P. 




















Band [Es]? | | 
eS ae cm | C=1 cm. | C=20 cm. — — 
2+ 66-2-82 u 12-76 01 0-11 | 1-07 9-00 | 11-76 | 12-38 
4:19-4:37 u 2-87 “15 1-15 2-76 2-87 2-87 2-87 
oll » | 1-38 0 » ' @ 0-01 0-02 0-05 
12-5-17-5 0-72 01 0-04 | O15 0-36 0-46 0-51 
Total for all | | | 
bands 17-68 | 0-17 1:30, 3-98 | 12-24 | 15-11 | 15-81 

















The square root law was used for the pressure effect and the temperature 
variation of absorption coefficients was neglected. 


It is to be noted that the last two bands partly overlap the corresponding 
ozone bands, while the first two and also the last overlap the corresponding 
water vapour bands. Absorptions due to the different absorbents in a 
common band will be additive as long as each is only a few per cent. For 
large absorptions, however, the transmissions will be multiplicative. This 
has to be taken into consideration when actually evaluating the energy 
absorptions due to a given distribution of the absorbents. 


§ 5. WATER VAPOUR BANDS 


Absorption due to water vapour begins in the near infra-red at about 
0-9 » and extends with varying intensity throughout the infra-red region with 
a transparent window between 8 and 114. Though the maximum amount 
of water vapour present above the tropopause may not exceed 0:03 cm. of 
precipitable water, the region of absorption is so extensive and some of the 
bands in the region 2 to 8 » so intense that even this small quantity contributes 


an important share to the solar energy absorption. The main bands up to 
8 » are shown in Table III. 


Complete spectroscopic observations with very small amounts of water 
vapour such as may be present in the upper atmosphere are not available. 
The lowest quantity for which Fowle® gives data is 0-008 cm. of precipitable 
water, while Hettner’s** data in this region were obtained for about 0-06 cm. 
of precipitable water. There is general agreement between the values 
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TABLE [Il 


Intensity of solar radiation {E,}\: in the different water vapour bands just outside 
the earth's atmosphere and the relative absorptions of energy in the 
region 0:9 to 8p 


Unit of intensity = 1075 cal. cm.—* sec. 





| Energy absorbed by W cm. of ppt, H,O 


























Re ye" / 
Author | Band| Range inw | [Es]‘¢? my | | 
| . ma —— W =-001 cm.| W= -008 cm W=-04 cm. 
| fi 
| | | | ui 
Hettner p —-0-89-0-99 | 200-8 | 0-01 0-13 | 1-01 5-00 
¢ | 1-08-1-19 | 139-4 | 0-02 0-17 | 1-36 6-68 
P) 1 -27-1-53 185-1 | 0-15 1-41 | ° 10-55 42-78 
Q | 1-70-2-02 95-0 | 0-09 1-07 | 7-99 29 -66 
Fowle xy | 2+2-Be2 91-5 | 2-45 7-74 | 21-60 45-58 
x2 | 3-2-4-0 24-9 | 0-61 1-93 | 5-40 11-50 
Y 4+0-4-9 12-8 | 0-48 1-50 | 4:15 | 8-32 
Z* | 4-9-8-0 12-6 | 0-62 | 1-95 | 5-08 8-68 
Total for all bands 762-1 | 4-48 15-90 | 57-14 158 +20 
' 











* Calculations were made separately for the component bands Z, (4-9—5-4u), Ze, 
(5-4—5-9), Zs (5-9-6:4u), Z, (6-4—7-0yn) and Z; (7-0—8-0,) as mentioned by Fowle 
and added up. 


obtained from the two measurements only in the region up to 2 and for 
small values of precipitable water. For the range 2 to 8y, where the 
absorption is so large as to blackout the band heads in Hettner’s observa- 
tions, the results obtained by the two authors are not comparable and Fowle’s 
data have been used. 


In a recent paper, Fox and Martin®® have investigated the absorption 
spectrum of water in the three states and in solution in carbon tetrachloride 
in the region 2-5-7-5y. They have however explored the spectrum of 
water vapour only in the region 2:5 to 2:85 yu. From the molecular extinction 
coefficients they have presented, it seems that the limits of the band are narrow- 
er than those given by Fowle, or the wings of the bands are too weak for 
detailed measurements. Calculations for the same quantity of precipitable 
water (W = -008 cm.) which Fowle had used show that the average absorp- 
tion over the region 2-5 to 2-85 is 45-6%, whereas over the region 2:2 
. to 3-2 py it becomes 15-3%. The latter value may be compared with Fowle’s 
figure 23-6% for the same region. Fowle’s figure has been used in our 
calculations. 


Another interesting point mentioned by Fox and Martin is that the 
4-7 band found in the solid and liquid states of water has no counterpart 
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in the vapour spectrum and has therefore been attributed by them to asso- 
ciated water molecules. On the other hand, Fowle’s curves for W = -008 cm. 
of precipitable water show as much as 30% absorption in this region, and this 
cannot be attributed to COxg, as there is no CO, band at 4:7. In any case, 
from the point of view of our present calculations of the solar energy absorp- 
tion, this does not affect our general conclusions seriously. 


For the region 0:9 » to 2, Hettner’s curves giving more spectral details 
were reduced in a way similar to that used for the Hartley band of ozone, 
and the energy absorption was obtained by graphical integration. Beyond 
2», Fowle’s results were used, Elsasser’s error function being applied over the 
subregions to get the energy absorptions due to different quantities of water 
vapour. Table III and Fig. 8 summarise the results. It is to be noted that 
in the first region up to 2p, the absorption is weak though the solar energy 
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is large, whereas in the second region the energy is small but the strong 
absorption takes away most of the energy. The bands in the second region 
are therefore effective in the uppermost layers of the atmosphere. 

The temperature effect is negligible for the values of water vapour 
involved in the upper atmosphere, as indicated by Elsasser” and Cowling.’ 
For the pressure effect, the square root law was used as for carbon dioxide. 


§ 6. HEIGHT-DISTRIBUTION OF THE CONSTITUENTS AND THE 
CALCULATION OF SOLAR ENERGY ABSORPTION 


(a) Ozone.—The vertical distribution of atmospheric ozone has been 

investigated for the following places :— 
(i) At Arosa®* in Switzerland. 

(ii) At Troms¢.” 

(iii) At Stuttgart in Germany by Regener.*® 

(iv) In U.S.A. by the Bureau of Standards* and Explorer II. 

For the study of the solar energy absorption, the first two cases were 
selected; the remaining cases can be treated in a similar way. The difficulty 
common to all of them lies in the fact that the distribution of ozone in the 
uppermost layers (above 40 km.) is not known with sufficient accuracy, while 
ozone quantities at these levels are important for solar energy absorption. 

For the present calculations, the ozone content above 50km. was 
neglected. The atmosphere up to 50km. was divided into 2 km. layers, 
and the ozone content in each layer and also down to the base of each layer 
obtained graphically. The temperature effect on absorption was neglected. 
The energy absorption down to the base of each layer was found by using 
curves similar to the curves of Fig. 3 on a linear scale. The energy absorp- 
tion in each layer was obtained by differences and this divided by the volume 
of the air in the layer gives the volume density of energy absorption, E,. 
The mass density of energy absorption, E,,, is given by dividing the absorption 
in the layer by the mass of air traversed. For a zenith distance X of the sun, 
the rate of absorption of energy in any atmospheric layer is proportional 
to cos X. 

Fig. 9 gives the values of E, and E,, for the ozone distribution at Troms¢ 
(total 0, =0-260cm.). Calculations were made for sec X = I, 1-5, 2, 3, 4 
for averaging the results afterwards for the whole of the day, but curves for 
sec X =1, 2 and 4 only are shown here. Similar curves have also been 
prepared for the distribution at Arosa. 

(b) Carbon dioxide.—The total CO, content was taken to be 240 cm. 
at N.T.P. and the vertical distribution was obtained by assuming it to be 
present throughout the lower 50 km. in the same proportion of the total air 
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Fic. 9. Height distribution of the absorption of solar energy by ozone at Troms¢. 
Total ozone, x= 0-260 cm. at N.T.P. 


as at the surface. To get the equivalent quantities for absorption, the 
; 
amount in each layer was multiplied by Nie adopting the pressure distri- 
0 


bution in the atmosphere recently given by Penndorf.“” Temperature effect 
was neglected. Curves similar to the curves of Fig. 7 on a linear scale were 
used to find the energy absorption due to different values of CO... Fig. 10 
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Fic. 10. Height distribution of the absorption of solar energy by carbon dioxide. Total CO, 
content of the atmosphere =240 cm. at N.T.P. and CO, assumed to exist in the same 
proportion at all heights. 


gives the absorption of solar energy by CO, for three different zenith distances 
of the sun. 

(c) Water vapour.—No ‘* measurements’ of the amount and distribution 
of water vapour in the stratosphere are available. Simpson“ considered 
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that the stratosphere contained about 0-3 mm. of precipitable water. This 
was based on the assumption that the air was saturated at the base of the 
stratosphere at a temperature of about 220° A. Ramanathan** pointed out 
that in the tropics at any rate, the amount of water vapour in the stratosphere 
should be much less because of the much lower temperatures at the tropo- 
pause. Brunt and Kapur** have given tables with the values of water 
content ranging from 0-01 mm. at the equator to 0-1 mm. in the latitude 
50° in winter and to 0-17 mm. in summer. In a later paper, Brunt“ regards 
these as overestimates of the actual values. 
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Fic. 11. Height distribution of the absorption of solar energy by water vapour. W=total pre- 
cipitable water above 16 km. Relative humidity near 16 km. is assumed to be 100% 
and the distribution of moisture in the stratosphere governed by Dalton’s law. 

Recent measurements in Europe show that the stratosphere there is often 
surprisingly dry, dew points as low as — 80°C being obtained. In the pre- 
sent paper, calculations are made for four different values of total precipitable 

water above the arbitrarily chosen reference level of 16km., W = -0005. 
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‘005, -010, -020cm., the distribution in the stratosphere being given by 
Dalton’s law. These values correspond to 100% relative humidity at the 
tropopause, the approximate saturation temperatures being — 80°C, 
— 655°C, — 60:5°C and —55-5°C respectively. These results with 
suitable changes may be used for application to actual cases. Fig. 11 gives 
the results for the two extreme values of W and for different values of sec x, 


(d) The total effect.—Having obtained the separate contributions to 
solar energy absorption due to ozone, CO, and water vapour, the three may 
be suitably added. Fig. 12 gives the results for Troms¢ with total ozone 
x =0:260cm., total CO, C = 240cm., and different values of W. The 
mass density of energy absorption for ozone near 50 km. is considerably 
larger than that due to water vapour and the curves for different values of 
W merge into each other. Below 30 km., however, the two effects are com- 
parable and the inset in Fig. 12 shows the results on an enlarged scale for two 
extreme values of W. 


§ 7. DISCUSSION OF RESULTS 


Throughout the work, the calculations are made on the assumption 
that the quantity of ozone above 50 km. is negligible. The effect of this 
will be to reduce slightly the actual values of E, and E,, in the first few layers. 
But as stated by Dobson, the ozone values above 45 km. are only approximate 
and one cannot expect very accurate results for this region. The error 
decreases rapidly as we go to the lower layers, and is practically zero below 
40 km. 


Results similar to Fig. 9 were obtained also for the ozone distribution 
at Arosa and the general nature of the curves was found to be the same as 
that for Troms¢. The energy absorption near 50 km. level is large and it 
goes on decreasing as we approach the earth. This means that the small 
quantities of ozone present in the uppermost layers are mainly responsible 
for the absorption of large amounts of solar energy, the main ozone mass 
near its centre of gravity playing only a subsidiary part. 


Considering the mass density E,, of solar energy absorption, the region 
under consideration can be roughly divided into two parts. The contribu- 
tion due to ozone predominates in the region 50 to 30km., while below 
30 km., the effect due to water vapour predominates. The contribution due 
to CO, is small throughout the region. 


In conclusion, the author wishes to express his grateful thanks to 
Diwan Bahadur Dr. K. R. Ramanathan for his advice and interest through- 
out this work. 
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VALUES OF THE ABSORPTION COEFFICIENTS AND OTHER CONSTANTS 
UsED IN THIS PAPER 


(1) Radiation and solar constants.— 
C, = 3-703 x 10-° erg cm.~? sec; C, = 1:433 cm. °K.; 
= 5-709 x 10-5 erg cm.-* sec? K.-*; 


1 erg cm=? sec! = 2-389 x 10-8 cal. cm.-* sec. 


Solar Constant, S = 2-045 cal. cm.-? min. 


For the distribution of radiant energy, the temperature of the sun is 
assumed to be 6000° K. 


(2) Ozone bands.— 


a =decimal absorption coefficient per cm. of ozone measured at 
N.T.P. Only a few values of a read from the smoothed curves are given. 


k = generalized absorption coefficient per cm. of ozone in the relation 















































A = $(VkZ). 
aucies Ny Tsi-Ze and A. Tournaire— Adel and Hettner, Pohimann and 
Choong Vassy Lampland Schumacher 
Hartley Chappuis : : 
Band | 2000-3300 A | 4400-7600 A me asl 14-1 p 
Pressure Atmospheric Atmospheric 25 mb, 25 mb. 25 mb. 
ainA a rsinA oe | Aing | a Average & Average k 
2000 (1) 4400 -001 9°3 04 
2200 25 4800 008 9-4 99 (a) Average 
2400 99-2 5200 025 9-46 1-45 for12—134 
2500 | 139 5600 *052 9-5 1-27 Average for and 15-2—- 
2553 | 145 6000 °065 9-56 “91 the region 16-5u, 
2600 | 138+5 6400 038 9-6 1-11 4-65—4-90zn, k=-0115 
2700 97-5 6800 -018 9-65 1°27 k=0-177 (6) Average for 
2900 19-8 7200 +005 9-7 1-15 | 13—15-2u, 
3100 1-47 | 7600 +002 9-9 +54 = -093 
3300 °065) —w. a 10-1 -06 | 


























(3) Carbon dioxide bands.—{a) a = decimal absorption coefficient per 
cm. of CO, at N.T.P. 
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Barker, 1922, | Martin and Barker, 1932. 
2°7 w band | 4°3 uw band 
Ainyz | a | Ain“ | a | Average @ 
| 
| | ! 

2-667 | -017 2-753 | -073 | (a) For 4+19 to 4-21 wu, a = 0-97 

2-677 | “089 2-767 025 | (6) For 4-21 to 4-30 4, a@ = 3-57 

2-691 O31 | 2-777 062 | (c) For 4-30 to 4-27 4, a = 1-18 

2-698 089 2-80 | *O13 (2) Average for 4-19 to 4-374,a = 2-10 
2-733 “011 | 2-81 | -003 ee 





. (b) Callendar’s empirical formula for CO, bands: A = 1 —(1 + ne*y, 
where C = cm. of CO, at N.T.P. 








| 
Band 14-16@ | 18-14 wand 16-174 [125-18 wand17-17-5u) lly 
n | 0-9 0-08 0-0055 0-00017 
x | 0-84 0-67 0-67 1 





(4) Water vapour bands.—(a) Hettner’s data used: a = decimal absorp- 
tion coefficient per cm. of ppt. H,O at N.T.P. 























p (0-89-0-99 x) , ¢ (1-08-1-19 «) # (1-27-1-53 «) | Q (1-70-2-02 x) 
| | | | 
Average @ | Average @ Ainu a | Aing | a 
0-274 0-533 1.27 | 0 1-70 0 
130 | o8 | 1695 0-43 
1-33 | 2-38 1-78 2-19 
1-35 6-50 | 1-80 5-15 
| 1-37 | 10-1 1-82 9-90 
| 1-40 | 6-89 | 1-86 12-6 
1-43 3°77 1-90 10-1 
(145 188 8 86| = 1-94 5-46 
1-49 | 0-73 | 1-96 | 2-23 
|} 163 | 0 | 200 | 0-87 
| ei a 2-02 | 0-16 





(6) Fowle’s data for W = 0-008 cm. of ppt. H,O was used to calculate 
B in the relation A = $(1/B.). 











: Observed % 
Band Range in « absorption B 
Me 2-2—3-2 | 23-6 5-6 
Xs 3-2—4-0 | 21-7 4:7 
Y 4-0—4-9 32-5 11-0 
Zy | 49-544 | 18 3-2 
Ze ; 5+4—5-9 47 24-7 
Zs 5-9—6-4 64 52-4 
Zz, 6-4—7-0 68 | 61-8 
Zs 7-0-8-0 25 | 6-3 
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EVALUATION OF THE BAND-ABSORPTION OF RADIATION 


The band absorption of radiation incident on a gaseous layer of thick- 
ness Z can be evaluated as follows, when the relation between the decimal 
absorption coefficient a and the wavelength A has the form of the normal 
error equation, a= a, e~*"‘*-»", and the intensity of the incident radiation 
has the linear form J, = k-+ mA. The energy absorption in the band within 
the limits A, to Ag, (Ay < Ag < Ag), is 


A2 


—Z 2, 0)? 
a~{ I,(l—e +) da, where B = 2-303 a, 
Ma 
Axo 
—Zpe- h*u? . 

[k + m (u+ A)] (l—e ) du, by putting A— Ayg= u 

Au — Ao 
Aa—o __pZe- a? A2— Yo aZe-W'? 
= (ktm) f (1 4 )dutm fF ul—e ) du. 
hi=No Ar=Ao 
Putting p= BZ and x= SZe~“"”" = pe*™*’, 
— pZe— b*x? 
clearly 1— e ik =1-e*=2(- 1 X= =2(-1"" 7 eh 


= (k+ mA) f ( (-— 1)**? £ =) du 
+m fe iy" ie u ey Gy 


Aino 


The integrals I, and I, involving infinite series can be solved term by 
term as follows :— 


vn h (dg—do) 
_ E ~ 1)" — |e dt by putting Vn hu=t, 
Vnh 
Vnkh (A - hs) 
rn — orw 
vig 
— see % 4.1 pe: 3 A Aw 
=2( 1) a - ae e* dt 
a ala 
” Vi be acing 
> - ati PE Va Pie. * dt] 
7 al [2 fer ak af 4 
Vn h (a,—d) 
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Xo. 


Vn hi (Ao Ay) Wn h (A2—Ap) 
- Fyre eee | fora at] 
1 Hn 


=2(- i+ 





since A, ie ro tr Ao, i.e., Ai AV <O< 2 





= [8 (vi i y—A) + $ (Vin A) 


a 1 o 
where ¢ denotes the well-known error function. 
Aa — Ao 
co p” —_ 
Also, I,= f 2 (-— 1)**! ~ ue"™ du 
1 3 
Aum Ao 


nh? (Aa — Plaal 















‘y”" e oo ied ee by putting nh®u* = y 


ah? (\1 — ee 


72 1 ev nh? (\2— Xo)” 
wx (— 1+ 2... [ | 
1 ( ) n! 2 nh? — | nh? (Xa — do)? 


me (— 1)*" ip. 1 , wo (ds-Roy?__g-#A* (A2-Do}*] 
1 n! 2nh? 
= (k+ mr) Sp 2 (= Wt fe Id (viah® Oo AD) 
+ $ (al Oe= XY) 
+ oe? by (- 1¥°* 1 a ~(«"" (A,—Ao)? _ eth? (A2-Ro)?] 
Putting h? (A,— Ao)?= A, h® (Ay— we B, and k+ mAg=Jyo, 


E.= J, 3 2h rE (- ye ne lvanryt ¢. 
+ 33 : (— yt? Fr [ese ey 
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m 
a = Iho % 4 *Si+ rh? *S, 
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In Part II’ the synthesis and study of 3 : 5 : 6 : 3’: 4’-pentahydroxy-flavone 
and its derivatives were described. Following the same procedure the two 
lower members of this series have now been prepared and their properties 


studied. 
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Since in the chalkone condensation it is necessary to have the hydroxyl 
groups protected as far as possible in order to get good yields, 2-hydroxy- 
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5: 6-dimethoxy-acetophenone (I) was employed instead of the more easily 
available 2: 5-dihydroxy ketone and the condensation made with benzal- 
dehyde and anisaldehyde. In each case the product was a mixture of both 
the chalkone and the corresponding flavanone. Similar mixture resulted 
even when the chalkone was heated with alcoholic sulphuric acid. The 
conversion of the flavanone into flavonol was effected directly in one stage 
since it gives better yields of the products. 

The 5: 6-hydroxy-flavonols described in the course of this work form 
a series of compounds lacking a hydroxyl group in the 7-position. There is 
marked absence of fluorescence as compared with the 7-hydroxy and 5:7- 
dihydroxy compounds. The importance of the 7-position for this property 
is thus indicated. They form brownish-red solutions in alkali which rapidly 
fade on shaking with air. This characteristic seems to be also due to the 
presence of two hydroxyl groups in the contiguous positions 5 and 6. 

The compounds of type (V) having only a hydroxyl group in the 3- 
position exhibit fluorescence in alcoholic solutions but not in strong sulphuric 
acid. They also give prominent ferric chloride colour. The fully methylated 


compounds (type VII) also give some fluorescence in alcohol but none in 
sulphuric acid. 


The possibility of the flavone ring opening and reclosing in a different 
direction, during demethylatian using boiling hydriodic acid, has been shown 
to be present in the case of the 5: 8-hydroxy flavones.* No definite example 
is known of 5: 6-hydroxy compounds changing in this manner. This point 
has been examined in one typical case in the course of the present work. 
3-Hydroxy-5 : 6: 3’: 4’-tetra-methoxy-flavone (VIII), was demethylated to 
the pentahydroxy compound which was again remethylated with dimethyl 
sulphate and potassium carbonate in acetone solution. The product was 
found to be identical with that of direct methylation of (VIII) thus showing 
that no isomeric change is involved during the demethylation. 


EXPERIMENTAL 


2-Hydroxy-5:6-dimethoxy-chalkone :—To a solution of 2-hydroxy-5: 6- 
dimethoxy-acetophenone (3 g.) and benzaldehyde (5 c.c.) in alcohol (20 c.c.) 
cooled to 0°, potassium hydroxide (30g. in 24c.c. of water) was added in 
small quantities at a time with shaking. After the addition, the flask was 
stoppered tight and kept for four days at the laboratory temperature with 
occasional shaking. The contents were then diluted with water and ether- 
extracted in order to remove the unreacted aldchyde and then acidified. 
The product separated in the form of an orange-red liquid which was taken 
in ether. The ethereal solution was shaken with aqueous sodium bicarbonate 





Synthesis of 5 :6-Hydroxy-Flavonols—I11 99 


to remove benzoic acid that was also formed during the reaction. On evapo- 
rating the ether, a red liquid was obtained which did not solidify even after 
keeping in the refrigerator for a number of days. The chalkone was soluble 
in alkali and gave a reddish brown colour with ferric chloride in alcoholic 
solution. Crystallisation of the product was attempted using benzene, 
petrol, alcohol and acetone; but in all cases the chalkone was recovered as a 
liquid. It was therefore directly employed for conversion into the flavanone- 


In another experiment, the alkaline solution left after removing the 
unreacted aldehyde by means of ether, was saturated with carbon dioxide 
in the hope of obtaining the chalkone in a crystalline condition. A pale 
‘brownish yellow solid separated out (0-2 g.). When crystallised from alcohol 
using animal charcoal, it came out in the form of colourless silky needles 
melting at 142-44°. It did not depress the melting point of the flavanone 
obtained from 2-hydroxy-5: 6-dimcthoxy chalkone. The filtrate from the 
flavanone on ether-extraction yielded the chalkone in the form of a viscous 
red liquid. 


5: 6-Dimethoxy-flavanone.—A solution of the above chalkone (2 g.) in 
50% aqueous alcohol (100 c.c.) was treated with concentrated sulphuric acid 
(3 c.c.) and the resulting solution boiled under reflux for 24 hours. On con- 
centrating the solution, the flavanone separatcd out in the form of pale ycllow 
silky necdles. It was filtered and washed with water. The adhering chalk- 
one was removed by macerating the solid with a weak solution of sodium 
hydroxide. It then crystallised from alcohol (animal charcoal) in the form 
of colourless silky needles melting at 142-44° (Found: C, 71-9; H, 5:8; 
C,7H,,O, requires C, 71-8; and H, 5-6%). 


5 :6-Dimethoxy-3-hydroxy-flavone.—To a gently boiling solution of 
5: 6-dimcthoxy-flavanone (0-5 g.) in alcohol (40c.c.‘ were added alternately 
amyl nitrite (3..c.) and concentrated hydrochloric acid (20c.c.; d., 1-19) 
little by little with stirring. After the addition, the contents were left for 
two hours with occasional shaking. The solution was then diluted with 
water (150c.c.) and the solid product filtered and washed with water. It 
was crystalliscd twice from alcohol when the flavonol was obtained as 
thombic plates, melting at 216°. Yield, 0-15g. It gave a reddish brown 
colour with alcoholic ferric chloride. When reduced in alcoholic solution 
with magnesium and hydrochloric acid an orange-red colour was developed. 
It was soluble in aqueous alkali to give an yellow solution. An alcoholic 
solution of the flavonol exhibited green fluorescence. It dissolved in con- 
centrated sulphuric acid to yield a yellow solution without fluorescence 
(Found: C, 68-5; H, 4-7. C,;H,,O; requires C, 68-5; H, .4:7%). 
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3: 5: 6-Trihydroxy-flavone.—The above dimethoxy flavonol (75 mg.) 
dissolved in acetic anhydride (3 c.c.) was treated with hydriodic acid (2 c.c.; 
d., 1-7) with cooling. The solution was refluxed for an hour in an oil-bath 
kept at 150-55°. After cooling, it was treated with sulphurous acid when 
a pale yellow crystalline solid separated out. The aqueous solution along 
with the solid was ether-extracted. On removing ether a pale yellow crystal- 
line solid was obtained. It was crystallised from ethyl acetate when the 
dihydroxy flavonol came out as stout rectangular rods melting at 183-85°. 
Yield, 50mg. It gave a brown ferric chloride colour and exhibited no 
fluorescence either in concentrated sulphuric acid or in alcoholic solution. 
It was insoluble in sodium bicarbonate and carbonate solutions but dissolved 
in aqueous sodium hydroxide to form a brownish red solution; the colour 
faded slowly to pale yellow, the change being very fast on shaking with air 
(Found: C, 67-0; H, 3-7; C,;H,9O; requires C, 66-7 and H, 3-7%). 


3: 5: 6-Trimethoxy-flavone.—To the above dihydroxy flavonol (40 mg.) 
in anhydrous acetone (20c.c.) was added anhydrous potassium carbonate 
(0-5 g.) and dimethyl sulphate (0-2c.c.) and the mixture refluxed for 20 
hours. The solvent was removed and water added when a very pale yellow 
solid separated. This was filtered, washed with water and crystallised from 
benzene-petrol mixture when the trimethyl ether came out as stout rhombo- 
hedral prisms melting at 130-32°. It gave no ferric chloride colour in 
alcoholic solution. It exhibited no fluorescence either in alcohol or in 
sulphuric acid solution (Found: C, 69-4; H, 4:8; C,,H,.O, requires C, 
@-2; H, 3-1%). 


5: 6: 4'-Trimethoxy-3-hydroxy-flavone.—This compound was obtained 
from the corresponding flavanone? in one operation as in the previous case. 


The colourless solution of the flavanone (0-5g.) in alcohol (40c.c.) 
gradually turned reddish orange on treatment with amyl nitrite (3 c.c.) and 
concentrated hydrochloric acid (30 c.c.; d., 1-19).. After 2 hours, the liquid 
was diluted to 200 c.c. with water. Pale yellow shining flakes separated out 
after some hours. They were collected and crystallised twice from alcohol. 
The flavonol was obtained in the form of pale yellow broad rectangular 
plates melting at 172-73°. Yield, 0-15 g. It gave bright bluish green fluo- 
rescence in alcohol, benzene and ether solutions. With alcoholic ferric 
chloride a light brown colour was obtained. It was sparingly soluble in 
zold aqueous sodium hydroxide yielding a very pale yellow solution. In 
concentrated sulphuric acid it dissolved forming an orange coloured liquid 
with no fluorescence (Found: C, 65-8; H, 5-1; C,,H,.O, requires C, 65-9; 
and H, 4-9%). 
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3: 5:6: 4'-Tetramethoxy-flavone.—The trimethoxy flavonol (0-1 g.) was 
methylated by refluxing it in a solution of anhydrous acetone (50 c.c.) with 
dimethyl sulphate (0-3c.c.) and anhydrous potassium carbonate (1 g.) for 
$8 hours. At the end of the reaction, the potassium salts were filtered and 
washed with warm acetone. ‘The filtrate was concentrated on the water- 
bath (2¢c.c.) and treated with water (2-3c.c.). The semi-solid precipitate 
did not crystallise even ater keeping for a long time in the ice-chest. It was, 
therefore, extracted with ether and the residue obtained after the removal 
of ether was crystallised twice from alcohol when it was obtained as colour- 
less rectangular plates melting at 147-48°. It gave no colour with ferric 
chloride in alcoholic solution. Its solution in alcohol exhibited bluish green 
fluorescence. However, fluorescence was absent in concentrated sulphuric 
acid (Found: OCH;, 36-0; C,,H,,O, requires OCHs, 36-39%). 

3: 5:6: 4'-Tetrahydroxy-flavone.—A solution of 5:6: 4’-trimethoxy-3- 
hydroxy-flavone (0-2 g.) in acetic anhydride was treated with hydriodic acid 
(d., 1-7; 5c.c. with cooling.) The resulting solution was refluxed on an 
oil-bath at 150-55° for 2 hours. It was diluted with water and saturated 
with sulphur dioxide when an orange coloured precipitate was obtained. 
When crystallised twice from ethyl acetate, the trihydroxy flavonol was 
obtained in the form of pale yellow microscopic crystals melting at 305° 
with slight sintering at 294°. Yield, 0-1g. With alcoholic ferric chloride 
a dark olive green colour was obtained. It exhibited no fluorescence either 
in alcoholic or in strong sulphuric acid solution. It was insoluble in aqueous 
sodium bicarbonate, but dissolved in carbonate solution giving a fairly 
stable pale yellow colour. In aqueous sodium hydroxide it formed a 
brownish red solution which faded slowly to pale brownish yellow; the change 
was very rapid when shaken with air. It did not show marked colour changes 
in alkaline buffer solutions; in a solution of pH 12-2, it was bright yellow at 
first, rapidly turning brown; within 4 minutes it was deep brown, after an 
hour reddish brown and after 24 hours pale reddish brown (Found: C, 62:8; 
H, 3-8; C,;H,oO, requires C, 62-9, and H, 3-5%). 

SUMMARY 

The synthesis of 3:5: 6: 3’: 4’-pentahydroxy-flavone was already 
reported. The lower members of this group of 5: 6-hydroxy flavonols with 
one and no hydroxyl group in the side-phenyl nucleus have now been pre- 
pared by Kostanecki’s method. The characteristic properties are described, 
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1. INTRODUCTION 


Tue vertical distribution of temperature in the atmosphere is a factor of 
great importance in determining the processes of weather. Results of upper 
air soundings all over the world have shown that broadly the atmosphere 
can be divided into two thermally distinct zones. In the lower zone, known 
as the troposphere, the temperature decreases steadily with height at the rate 
of approximately 6° C./km. In the upper region, known as the stratosphere, 
the temperature remains constant or increases slightly with height. The 
surface of separation between the troposphere and the stratosphere is known 
as the tropopause. The tropopause is approximately 18 km. above the 
ground at the Equator, about 12 km. high in middle latitudes and 8 km. 
high at the poles. A problem of fundamental importance in Meteorology; 
which is as yet not completely solved, is to find out a rational physical expla- 
nation for the observed distribution of temperature in the atmosphere. 


2. SOLAR AND TERRESTRIAL RADIATION 


In any attempt to answer this question, we have to start from the funda- 
mental fact that the ultimate source of energy for all atmospheric phenomena 
is the solar radiation intercepted by the earth and its atmosphere. Since 
the mean temperature of the system (earth + atmosphere) does not show 
any appreciable change over long intervals of time, it follows that as much 
energy is sent back to outer space by this system as is received by it. 

There is, however, an essential difference in the spectral characteristics 
of the incoming and outgoing streams of radiant energy. The solar radia- 
tion corresponds approximately to black body radiation at a temperature of 
6000 °A; practically the entire energy is confined between the wave-length 
limits A =0-15u to A = 4, with peak intensity at A,, =0O-Sp. As con- 
trasted with this, the energy of terrestrial radiation is spread out over the 
band of wave-lengths from about 3 to 120, with peak intensity at about 
10 to 15, corresponding to black body radiation at a temperature of 200 
to 300 °A. We may, therefore, picture the earth and its atmosphere as consti- 
tuting a system which is continually absorbing short-wave solar radiation and 
radiating it back into space in the form of long-wave heat radiation. 
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3. RADIATIVE EQUILIBRIUM 


If the entire solar energy reaching the outer surface of the earth’s atmo- 
sphere passes through without any depletion due to reflection and scattering, 
then every sq. cm. of the earth’s surface would receive on the mean during the 
day and night 0-5 cal./min. Under radiative equilibrium, therefore, the 
same amount of energy should be radiated out by each square cm. of the 
earth’s surface. Assuming that the surface radiates like a black body, the 
mean temperature T is given by: 


a T* =0°5 cal./cm.? min. 


where o =5-73 x 10° erg. cm.-* deg.*-sec.-' (Stefan’s constant). 
This equation when solved for T gives 
T =279 “A = + 6°C. (1) 


We know, however, that about 40% of the incoming solar energy is 
directly returned to space due to reflection, scattering, etc. If it is assumed 
that the remaining 60% is absorbed at the surface of the earth, then the corres- 
ponding equation for radiative equilibrium becomes 


o T* = 0°3 cal./cm.*+ min. 
which gives T = 246 °A = — 27°C. (2) 


The observed mean temperature of the earth’s surface is however 
+ 14°C., ie, it is higher than either of the above values. 


4. ‘* Grass House EFFECT’? OF THE ATMOSPHERE 


What is the reason for this high surface temperature of the earth? In 
order to understand this, we have to consider the assumptions on which the 
calculations in the preceding section were based. We tacitly assumed that 
the atmosphere is perfectly transparent to both solar and terrestrial radiation 
so that the incoming and outgoing streams of radiant energy pass through the 
atmosphere without any attenuation. We know, however, that while the 
atmosphere is largely transparent to short-wave solar radiation, it is highly 
Opaque to wave-lengths in the range of terrestrial radiation, because the 
water vapour and CO, always present in the atmosphere possess intense 
absorption bands in this spectral region. Consequently, the greater part 
of the heat radiation from the earth’s surface is absorbed and trapped by the 
water vapour and CO, in the lowest layers of the atmosphere. These consti- 
tuents in their turn re-radiate energy over the same wave-lengths at which 
they absorb, so that a downward stream of radiant energy is directed toward 


the surface of the earth from the lower layers of the atmosphere (Gegen- 
AS* 
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strahlung). ‘ibe net loss of energy from the surface of the earth (Ausstrah- 
lung) is now less than before; it is equal to the difference between o T* and 
the Gegenstrahlung. Thus the effect of water vapour and CO, is to reduce 
the loss of heat from the surface of the earth or to increase the surface 
temperature. This is known as the “ Glass House Effect” of the atmo- 
sphere. 


5. Raptative Loss OF HEAT FROM THE ATMOSPHERE AND 
ALBRECHT’S EMISSION LAYER 


With an atmosphere which absorbs and radiates like a black body, the 
net loss of heat from the earth’s surface would be reduced practically to zero, 
because all the radiation sent out from the earth will be absorbed in the lower- 
most layers which have practically the same temperature as the earth and 
would therefore send back an egual amount of radiation towards the earth. 
However, the water vapour and CO, which constitute the major absorbing 
and radiating constituents of the lower atmosphere do not absorb all wave- 
lengths in the range of terrestrial radiation. As was first shown by Simpson, 
the absorption spectrum of water vapour in this spectral region can be broadly 
divided into three categories :— 


(1) Tue spectral band 84, to 11 in which water vapour is completely 
transparent. 


(2) The bands 7p to 84 and Llp to 14p in which water vapour is 
semi-transparent. 


(3) Wave lengths < 7 and > 14 for which water vapour is so highly 
opacue that a small amount (according to Simpson 0:3 mm. of 
precipitable water) i: sufficient to absorb completely al! radiation. 


Out of the total energy o T* radiated from the surface of the earth, the 
entire amount comprised in the spectra! band (1) and a portion of the energy 
in the spectra] range (2) are thus directly lost to outer space. It is estimated 
that out of the 60% incoming solar energy absorbed by the earth and the 
atmosphere, about 10% only is disposed.of in this way. The remaining 50% 
of long-wave heat radiation returned to space is contributed by the atmo- 
sphere. 


From which part of the atmosphere does this large amount of heat 
radiation which is being continually lost to outer space originate? This is a 
most important problem in the theory of atmospheric heat radiation. We 
have seen that the principal absorbing and radiating constituents of the 
lower atmosphere are water vapour and to a lesser extent CO,. These 
constituents, however send out radiation over the same wave-lengths at 
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which they absorb intensely. If we now picture the atmosphere as being 
divided into a number of layers each of which contains the optimum quantity 
of the absorbing constituents to intercept completely the radiation from the 
layer below it, then, it is easy to see that outward radiation to space can 
begin only at such a height above which the amount of water vapour and 
CO, present is insufficient to absorb completely all the radiant energy 
arriving from below. 


Simpson assumed that the stratosphere contains enough water vapour 
to absorb all the radiation coming from the troposphere and that outward 
radiation to space from the atmosphere originates only from the stratosphere. 
Later work has, however, shown that Simpson’s assumption requires revision. 


From a careful study of the absorption and emission spectrum of water 
vapour, F. Albrecht came to the conclusion that the greater part of the heat 
tadiation sent out into space from the earth’s atmosphere has its origin in 
the upper troposphere and that this radiation passes through the strato- 
sphere without appreciable depletion. According to Albrecht, radiation 
to outer space from a cloud-free atmosphere is mostly from a layer of about 
3 to 4 km. thickness in the upper troposphere, which he designated as the 
‘* Emission Layer”. The radiation from the emission layer is independent 
of geographical latitude or of the time of the year and is approximately equal 
to the selective radiation of water vapour and CO, at a temperature of — 50°C. 


The location of the emission layer in the atmosphere is determined by 
two important considerations, viz., 


(1) It contains an optimum amount of water vapour and CO, (the 
constituents that give rise to emission). 


(2) The amount of water vapour and CO, above the layer is so small 
that the radiation from the emission layer passes through without 
appreciable attenuation. 


As the emission layer is a region which is losing heat throughout day and 
night, it is also a part of the atmosphere which is getting continually cooled 
due to this heat loss. 


According to Albrecht’s estimates, the emission layer is located at such 
a height that the water vapour content at its base is approximately 0-1 gm./m? 
and its top -01 gm./m*. Consequently, the height of the emission layer 
varies with the temperature and humidity content of the atmosphere. It has 
been estimated by Albrecht that when the atmosphere is hot and humid, 
the emission layer should lie roughly between the levels corresponding to 
233 °A and 213 °A; when the atmosphere is comparatively dry, the emission 
layer should extend from 243 °A to 223 °A, 
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More recent researches on the absorption spectrum of water vapour 
have shown that the absorption coefficients given by the earlier workers are 
far too high and hence would necessitate a much higher value than what 
Simpson assumed for the critical quantity of precipitable water which 
constitutes a “ black body ” for the range of wave-lengths over which water 
vapour shows marked absorption. Brunt has pointed out that this would 
not essentially modify the arguments of Simpson and Albrecht although the 
base of the emission layer would be lower and its thickness more than what 
was estimated by Albrecht. 


6. Emission LAYER AND TROPOPAUSE 


According to Albrecht, the top of the emission layer marks the upper 
limit of the troposphere in polar and temperate latitudes. In the tropics, 
however, on account of the strong penetrative convection from below, 
brought about mainly through the agency of water vapour, the tropopause 
is carried a few kilometres above the top of the emission layer. As a result 
of this, the temperature of the upper troposphere (above the top of the 
emission layer and below the tropopause) in the tropics is lowered below 
what it would normally have been as a result of purely radiative processes. 
Hence, in radiative heat exchange with the lower layers of the stratosphere 


the upper levels of the tropical troposphere absorb more heat than they 
radiate out. This is supposed to be the reason (perhaps only one of the 
reasons) for the sharp inversion at the tropopause and the rapid increase 
of temperature in the first few kilometres above that in the tropical strato- 
sphere, a feature which is not observed in higher latitudes where the lower 
stratosphere is practically an isothermal region. 


7. DISTRIBUTION OF HEAT AND COLD SOURCES IN THE ATMOSPHERE 


While the iong-wave outgoing radiation from the atmosphere causes 
a perpetual cooling of the upper troposphere, practically all the addition 
of heat resulting from the absorption of short-wave solar radiation takes 
place essentially at the surface of the earth and in the lower layers near the 
surface. Thus vertical temperature gradients are set up in the troposphere 
which give rise to vertical displacements of air masses when the gradients 
exceed the limits of stability. Consequently, in spite of the continuous loss 
of heat from the top and addition of heat at the bottom, a dynamical equi- 
librium with certain limiting temperatures is established. 

If we consider the annual mean heat balance of the system (earth + 
atmosphere), then according to Albrecht’s calculations the incoming energy 
exceeds the outgoing up to latitude 374°, while at higher latitudes the reverse 
conditions obtain. As is well known, it is this peculiar latitudinal distri- 
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bution of incoming and outgoing energy that brings about the general cir- 
culation of the atmosphere. 


Bjerknes has divided the troposphere into regions where there is a net 
gain of heat or a net loss of heat. The former are called heat source's and 
the latter cold sources. The principal cold source in the atmosphere is 
Albrecht’s emission layer which is continually sending out heat energy into 
outer space. The principal heat source is the lower troposphere in the 
tropics and the adjoining temperate latitudes which gains a net excess of 
energy in radiative heat exchange with the earth’s surface and also in the 
form of latent heat of condensation. Besides this, there is a secondary heat 
source which is the region comprised between the top of Albrecht’s emission 
layer and the tropopause over the tropics and adjoining temperate latitudes. 
This is a region which is cooled by convection below its radiative equilibrium 
temperature and as such gets a net excess of heat by radiative exchange with 
the lower layers of the stratosphere. 


8. SEASONAL VARIATION OF HEAT AND COLD SOURCES OVER 
THE NORTHERN HEMISPHERE 


If we consider the vertical distribution of heat and cold sources over 
the northern hemisphere (Fig. 1), there is a striking difference in the condi- 
tions which obtain in the summer and in the winter seasons. In the northern 
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summer, practically the whole of the lower troposphere is a heat source; 
the middle or the upper troposphere (Albrecht’s emission layer) forms the 
cold source. Above this lies the secondary heat source extending from the 
Equator up to and somewhat beyond 30°N. In the northern winter, the 
lower heat source is displaced towards the southern hemisphere so that the 
entire troposphere (limited by the top of Albrecht’s emission layer) over 
polar and temperate latitudes is a cold source suffering a continual loss of 
heat energy. Above the top of this is a feeble heat source which stretches 
over a part of the temperate latitudes and is in fact an extension of the 
secondary heat source over the tropics brought about by meridional advection 
of air. 


9. EXPECTED SEASONAL VARIATIONS IN THE THERMAL STRUCTURE 
OF THE ATMOSPHERE OVER TEMPERATE LATITUDES ADJOINING 
THE TROPICS 





The considerations of the preceding section would lead us to expect 
striking seasonal variations in the thermal structure of the atmosphere over 
a place in the temperate latitudes adjoiming the tropics. Such observed 
variations in their turn can also be regarded as a proof of the general validity 
of the theoretical considerations outlined in the preceding sections and hence 
of the existence of the emission layer in the upper troposphere. 


What are the changes that we should expect in the thermal structure of 
the atmosphere over a place such as Agra (lat. 27°08’: long. 78°01’) 
between summer (July) and winter (January) ? 


layer) in these two months (see Fig. 1).. In July, the atmosphere is hot and 
humid and the emission layer (following Albrecht) may be taken to be between 
11 to 14gkm. In winter, the entire troposphere below the emission layer 
is a cold source; the emission layer itself should be between 8 and 11 km. 
according to the temperate limits given by Albrecht. 


Let us first consider the location of the cold source (Albrecht’s emission 


In summer, the lower troposphere is a powerful heat source and the 
condensation of water vapour is by far the most important agency con- 
trolling the lapse-rates in the middle and upper troposphere. The lapse- 
rates at these levels would, therefore, follow the saturation adiabat which, 
however, is practically parallel to the dry adiabat under the conditions pre- 
vailing in the upper troposphere. Within the emission layer itself, there is 
a continual cooling due to radiation, so that as a result of addition of heat 
at the bottom and loss of heat from the top there should be a marked ten- 
dency for super-adiabatic lapse-rates at these levels, Above the top of the 
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emission layer, convection and radiation work in opposite directions, the 
former tending to set up dry adiabatic lapse-rate while the latter tends to 
establish isothermal conditions. Consequently a rapid decrease of lapse- 
rate with height should be noticed in the column above the top of the 
emission layer and below the tropopause. The inversion at the tropopause 
would be very pronounced and a rapid rise of temperature with height 
should be the feature in the first few kilometres of the lower stratosphere. 


In the winter months, the entire troposphere be!ow the top of the emis- 
sion layer is a cold source undergoing continua! cooling due to radiation. 
The cooling increases with height and attains a maximum value within the 
emission layer. The vertical distribution of lapse-rate should thus corres- 
pond to what would be expected in an air column which is continually 
cooled at the top; that is, the highest lapse-rates should occur in and below 
the emission layer. Above the top of the emission layer, radiative processes 
alone would set up isothermal conditions. However, meridional movement 
of air from lower towards higher latitudes transports the characteristics of 
the tropical tropopause to the temperate latitudes in a less pronounced form. 
We should thus expect a “‘ composite” type of tropopause over temperate 
latitudes, the transition from the troposphere to the stratosphere occurring 
in two stages. The lower transition will correspond to the top of the 
emission layer, while the upper transition will correspond to the tropopause 
over the tropics. However, because of the absence of penetrative convec- 
tion from below, the control by radiation will be more pronounced than in 
the tropics so that the lapse-rates and upper inversion above the top of the 
emission layer will be less conspicuous than in the tropics. 


In this connection it is interesting to recall a scheme of air circulation 
between the troposphere and the stratosphere which was suggested by 
Refsdal some years ago. This is based on the work of Albrecht as well as 
on the concept originally put forth by Palmén that the tropopause should be 
regarded as a layer of transition which can dissolve at one level and reappear 
at a new level in the atmosphere depending upon dynamic as well as radiative 
conditions. In the temperate latitudes, the tropopause is dynamically sucked 
down in association with depressions and reforms at its original leve! when 
the depression activity has ceased. In this proccss, therefore, air from the 
stratosphere is transferred to the troposphere. According to Refsdal, the 
compensating transport of air from the troposphere to the stratosphere takes 
place in the tropics where the tropopause is carried above the top of the 
emission layer by convection, and consequently is constantly striving to 
build itself at a lower level under the influence of radiation. 
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From what we have discussed in the preceding, it would appear that 
the meridional movement of air from lower towards higher latitudes in the 
upper troposphere furnishes the necessary mechanism for the transport of 
air from the troposphere to the stratosphere; for, in the absence of pene- 
trative convection from below at the higher latitudes, the high vertical tempe- 
rature gradients which prevail in the upper levels of the tropical troposphere 
can no longer be maintained as the air moves over to the higher latitudes. 
The iapse-rates would, therefore, progressively decrease in the meridionally 
advancing air column until finally it gets merged with the stratosphere in 
the higher latitudes. The ‘‘ composite ”’ tropopause encountered in tempe- 
rate latitudes appears to mark an intermediate stage in the transition of 
tropical tropospheric air into stratospheric air of the temperate latitudes. 


10. THERMAL STRUCTURE OF THE ATMOSPHERE OVER AGRA 


A detailed study of the thermal structure of the atmosphere over Agra 
based on the results of over 500 sounding balloon ascents shows that the 
observed seasonal variations in the thermal structure of the atmosphere are 
quite in conformity with what should be expected in the light of Albrecht’s 
work. A detailed account of the investigation is being published elsewhere. 
Some of the major features brought out by the study might, however, be 
summarised here:— 


(1) in the month of July, the observed lapse-rates in the middle and upper 
troposphere over Agra practically follow the saturation adiabatic; super- 
adiabatic lapse-rates are frequently encountered between 12 and 14 gkm. 
Above 14 gkm., the lapse-rate begins to decrease and changes over into an 
inversion at about 18 gkm. 


(2) Following the retreat of the monsoon in September, there is a 
decrease of lapse-rate in the upper troposphere and an increase in the middle 
troposphere over Agra. 


(3) A sudden decrease of lapse-rate at about 11 gkm. is noticed in a 
more or less conspicuous form during all the winter months. 


(4) The highest lapse-rates in the winter months are noticed between 
7 and 11 gkm. 


(5) In the winter months, lapse-rates above 11 gkm. are generally 
feeble and gradually change over to an inversion at about 17 gkm. 


(6) The annual range of temperature in the atmosphere over Agra 
shows two maxima, one at about 9gkm. and another at about 18 gkm. 
(see Fig. 2). Starting with the thermal conditions obtaining in summer 
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(July), the lower maximum can be interpreted as the level of maximum 
cooling in winter (centre of gravity of the emission layer in this season). 
The upper maximum corresponds to the summer tropopause and is the region 
where the greatest fall of temperature below that corresponding to radiative 
equilibrium has been brought about by convection from below. it follows 
that with decreasing control by convection and incréasing control by radia- 
tion (transition from the monsoon to winter conditions), there should be 
a rise of temperature at all levels in the upper troposphere (above the top 
of the emission layer) and lower stratosphere, the rise of temperature being 
a maximum at the level of the summer tropopause, 
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All these facts lend strong evidence for the existence of the “‘ Emission 
Layer” in the upper troposphere and the seasonal variation of its altitude 
depending upon the moisture content of the atmosphere. 


11. Errect oF OZONE ABSORPTION ON THE TEMPERATURE OF 
THE LOWER STRATOSPHERE 


Above the level of the tropopause, vertical transport of heat by convec- 
tion is not possible, because of the extreme stability of the thermal strati- 
fication. Hence the temperature of the lower stratosphere should be condi- 
tioned mainly by the balance between absorbed and emitted radiation. In 
addition to the part played by water vapour and CO, at these levels, the 
absorption and emission by ozone whose average height has been estimated 
to be between 20 and 25km. has no doubt to be taken into account in 
considering the radiative equilibrium of the lower stratosphere. Ozone has 
a strong absorption band between 0-22 and 0-33 wherein the incoming 
solar radiation has appreciable energy. Probably about 5% of the incoming 
short-wave radiation is absorbed by ozone. Again, ozone has another 
absorption band in the infra-red at 9-5. Itis significant that this band is 
close to the wave-length of maximum energy in terrestrial radiation, while 
water vapour is transparent for radiation of the same wave-length. A de- 
tailed discussion of radiative phenomena in the stratosphere is unfortunately 
not yet possible because of gaps in our existing knowledge regarding the 
absorption spectrum of water vapour under stratosphereic conditions as well 
as of the water vapour content of the stratosphere. 


SUMMARY 


The theory of radiative equilibrium demands that on the average the 
total amount of energy absorbed by the earth and its atmosphere in the form 
of short-wave solar radiation should be exactly equal to the total amount 
of energy given back to space in the form of long-wave heat radiation. 
From a study of the absorbing and radiating properties of the atmosphere, 
F. Albrecht arrived at the fundamental result that the major contribution 
to the long-wave heat radiation into outer space originates from a layer of 
some three to four kilometres thickness in the upper troposphere, which 
he designates as the “ Emission Layer”. The emission layer is thus a portion 
of the upper atmosphere which is continually cooling due to radiative loss 
of heat. The height of the emission layer is a function of the water vapour 
content of the atmosphere; it is more when the atmosphere is hot and humid 
and less when the atmosphere is cold and dry. 
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The author has made a detailed study of the thermal structure of the 
atmosphere over Agra based on the results of sounding balloon ascents over 
a period of ten years. A number of interesting features find a ready expla- 
nation on the assumption that the emission layer over Agra is located 
approximately between 11 and 14 gkm. in the monsoon months and between 
8 and 11 gkm. during the remaining months,—an assumption in conformity 
with Albrecht’s work. The observed seasonal variations in the thermal 
structure of the atmosphere over Agra thus lend strong evidence for the 
existence of the emission layer in the atmosphere and the variation of its 
altitude depending upon the moisture content of the atmosphere. 
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